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ABSTRACT
Electroanalytical m ethods (cyclic voltam m etiy (CV), ro tating  disk 
electrode (RDE) and  rotating ring disk electrode (RRDE) voltammetry) have 
been used  to characterize the  oxidation products of bls(ethylenedithio)- 
tetrathiafulvalene (BEDT-TTF or ET) and  tetram ethyltetras elenafulvalene 
(TMTSF) in  two commonly used  solvents, acetonitrile (CH3 CN) and  1,1,2- 
trichloroethane (1,1,2-TCE). Cyclic voltam m etiy h as  revealed th a t  the  
electro-oxidations of ET and  TMTSF each occur initially via two one-electron 
steps representing the  formation of the m onocation radical and  dication 
species. The corresponding reduction waves can  be dependent on the 
polarity of th e  two solvents used, CH3 CN and  1,1,2-trichloroethane (1,1,2- 
TCE). ET+ 2  reduced by two reduction waves in  CH3 CN b u t only one large 
wave in  1,1,2-TCE, w hereas TMTSF+ 2  produced two reduction waves In 
each solvent. RRDE voltam m etiy studies reveal th a t th e  solubility of ET* 2  
is limited in  1,1,2-TCE, w hich caused the superposition of the two 
reduction waves. Filming of the  electrode by solid ET* 2  apparently  causes 
its reduction potential to shift to m ore negative potentials. The 
electrochemical behaviors of TMTSF and ET in  both  solvents are  
summ arized.
UV/VIS spectroscopy w as used  to characterize TMTSF, ET an d  their 
perchlorate sa lts  in  solution. Solution spectra of TMTSF, (TMTSF^CIO^ 
TMTSFCIO4 , ET, (ET)2 C1C>4 , and  ETCIO4  w ere determined. Although the  
electronic s truc tu re  calculations of TMTSF, ET an d  their perchlorate sa lts  
are unavailable, a  general assessm en t of the na tu re  o f observed peaks was 
made. The two m ost im portant electronic transitions for these  com pounds
x
Involve the  n-»n* and  ji-mc* transitions due to th e  d~ orbitals of S or Se and  
th e  Ti-systems of the heterocyclic rings. The solution spectra  of 
(TMTSF)2 C1 0 4  w as compared to th e  solid s ta te  reflectance spectra of a  
crystal of (TMTSF^CIO^
Electroanalytical and  spectroscopic m ethods were used  to elucidate the 
electrocrystallization m echanism  of the  "dimer" salts. Using the  available 
electrochemical methods-CA, RDE an d  RRDE, there  is no electrochemical 
evidence for the form ation of a  soluble dim er species, R+2 . by  a  follow u p  
reaction. Spectroscopically, there a re  no discernible differences in  the 
spectral features of th e  solution spectrum  of th e  2 : 1  perchlorate sa lt of 
TMTSF (or ET), an d  the sum m ed solution spectrum  of equal concentrations 
of th e  neu tra l TMTSF (or ET) and  its solution spectra of the 1:1 perchlorate 
salt. In addition, the  solution spectra  of (TMTSF^CIC^ in  1,1,2-TCE a t  
varying concentrations of the  sa lt and  th e  solution spectra of th e  two 2 : 1  
catiom anlon sa lts  a t two solvent polarities did no t reveal any spectral 
differences. This m eans th a t the association could be very w eak or outside 
th e  detection lim its of th e  analytical procedure.
Tafel experiments using  crystals of (TMTSF)2 C1 0 4  and  (ED2 CIO4  a s  
metallic substra tes  as well a s  P t wire were performed to  elucidate further 
the  m odes of electron transfer reactions. The sim ilarities in  m agnitude of 
the exchange curren t densities for bo th  crystals to the corresponding values 
a t  Pt electrode indicate th a t  electron transfer m ay indeed occur a t  the 
crystal surface. However, these  m easurem ents do no t prove th a t the  
electrooxidation of the neu tra l molecules a t th e  crystal faces leads to  crystal 
b u t only th a t th e  electron transfer is possible a t  com parable overvoltages.
xi
INTRODUCTION
Since the 1960s, there h a s  been  a  shift In em phasis from basic 
physics to m aterials science, reflecting an  Im portant trend  towards m aking 
physics relevant to industry. O ur understand ing  of m etals, sem iconductors 
an d  superconductors is growing rapidly. Sem iconductor device technology 
continues to stim ulate, financially and  intellectually, solid s ta te  research. 
Fabrication of new m aterials an d  their characterization a re  in  order.
Superlattice sem iconductors, high tem perature superconductors, and  
organic superconductors, to nam e a  few, a re  those m aterials th a t have 
received in tense in terest am ong m aterial scientists. In  the  near future, these 
m aterials will have a  great im pact on hum anity.
Research into strained-layer superlattice (SLS) could play a n  im portant 
role in  advanced electronic system s. SLS m aterials a re  composed of m any 
th in  layers of different m aterials, typically, in  the order of 0 .5  to 50 nm  
thick. Because th e  layers are so thin, th e  atom s of each layer line up  with 
those of the previous layer in  a  process th a t causes s tra in s  in  the outer layer 
which, in  tu rn , re su lt In dram atic properly changes [1.1]. Recent tests  a t 
Sandia National Laboratories, Albuquerque, NM indicate th a t  SLS system s 
m ight operate a t h igher speeds an d  w ith lower power requirem ents th an  do 
devices m ade from silicon or b u lk  gallium arsenide (GaAs), an d  they can  be 
useful a s  chem ical catalysts [1.2]. Therefore, SLS m aterials hold prom ise as 
better sem iconductor m aterials. W hen used  as  photoelectrodes they reveal 
interesting properties th a t a rise  from th e  quantization of energy levels of 
charge carriers (electrons an d  positive holes) contained in  a  well of small
1
contained In a  well of sm all dim ensions. Superlattice electrodes provide a  
potential system  for producing ho t electron processes th a t  could lead to 
high solar photoconversion efficiencies. B u t Im portant questions to be 
answ ered concern the  m echanism  of charge tran sp o rt th rough  superlattices, 
the  energy distributions of injected electrons o r holes into th e  electrolyte 
from the  superlattices, an d  the n a tu re  of the  potential d istribution  in  
superlattice electrodes an d  their fla tband potential [1.31-
The b u rs t of in tense research  activity on h igh  tem perature 
superconductivity  began w ith the discovery of ceram ic superconductors 
called 1-2-3 com pounds: y ttrium -barium -copper oxide (YBa2 C u3 0 7 _x). For 
th is  type of com pound, th e  h ighest confirmed transition  tem perature, Tc , Is 
in  the  vicinity of 95° K [1.4]. The objective h a s  been  to  synthesize 
m aterials w hich will superconduct a t higher Tc . The potential advantage of 
high Tc com pounds is th a t they should  perform  better, i.e., c a n y  higher 
cu rren ts  w hen cooled to liquid nitrogen tem peratu re (77° K). Low cu rren t 
applications for superconductors (e.g. microelectronics) m ay  b e  w ith  u s  in  
the  next few years b u t h igher cu rren t applications su ch  a s  power 
transm ission  are  perhaps 15-20 years away [1.5], How soon w e shall see 
large-scale, commercial applications of superconductors depends on  two 
im portan t properties: 1) transition  tem perature, Tc, an d  2) th e  critical 
cu rren t density, J c, the  m axim um  am oun t of cu rren t th e  m ateria l can  c a n y  
in  the  superconductive sta te . The critical cu rren t density is crucial, 
especially for m agnet applications w hich call for a  high cu rren t density  a t  
h igh m agnetic fields. The ability to c a n y  a n  electric cu rren t w ithout
resistance was previously known only in  m etals (elemental and  organic) and  
metallic alloys.
Recently, superconductivity h as  been  observed in  organic crystals 
m ade up  of flat molecules in  zigzag stacks. Because of th e  diversity of 
organic com pounds one can construct a n  organic molecule having alm ost 
any physical property. W ith th e  collective experience and  a  battery  of 
proven experim ental techniques, organic m aterials w ith rare  and  
extraordinary property. I.e., superconductivity, can  be created. Producing 
superconductivity in  a n  organic molecule is a  rem arkable feat since the 
great m ajority of organic m aterials are  electrical Insulators. This h as  
sparked in terest in  the  development of organic m etals. These novel 
m aterials, which m ay be crystalline or polymeric, have the  advantage th a t 
they are  structurally  versatile and  are  also easier an d  cheaper to m ake th an  
the traditional inorganic conductors [1 .6 ].
The m ost significant advance of th is field w as the  discovery of organic 
superconductivity when, In 1979, Bechgaard synthesized a  family of 
selenium -based organic com pounds now know n a s  Bechgaard salts.
Jerom e et a l [1.7] found certain sa lts  of the tetram ethyltetraselenafulvalene 
"dimer” radical cation, fTMTSF)2 +, to be superconducting (Fig. 1.1), b u t only 
a t high pressure  an d  very low tem perature. Later ano ther sa lt of the  
"dimer" cation. CIMTSF^CIO^ w as found to become superconductive a t 
am bient pressure, w ith a  Tc of 1.2° K [1.8]. The som ew hat sim ilar 
heterocycle, bis(ethylenedithio) tetrathiafulvalene (BEDT-TTF), (Fig. 1.1) was 
synthesized in  1978 [1.9], In  1983. one of its  sa lts  w as show n to  become 
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Fig. 1 .1
S truc tu res of Tetram ethyltetraselenafulvalene (TMTSF) 
an d  Bls(ethylenedithio)tetrathiafulvalene (ET).
superconductivity w as observed in  ano ther derivative, P - (BEDT-TTF) 2 I3 , w ith 
a  Tc of 1.4° K a t  am bien t p ressu re  [1.11]. At ab o u t 1.2 k b a r pressure, 
however, Tc rose to  abou t 8 °  K. This led m any to  hope th a t it will be 
possible to  synthesize organic com pounds w ith tran sitio n  tem peratures 
higher th a n  those  of inorganic m aterials. However, th e  s tu d y  of organic 
superconductors is still in  its  infancy an d  the  anom alous physical 
properties of th ese  m aterials a re  only Ju s t beginning to  be understood.
Some of th e  u n u su a l properties of organic superconductors arise  because 
their crystals a re  highly anisotropic, so the  conductivity m ay be m uch  
sm aller along one or two crystal axes [1.12], The challenge of synthesizing 
b etter organic superconductors will require a  m u ch  deeper understand ing  of 
th e  relationship between, crystal s truc tu re , stoichiom etry an d  m olecular 
properties, and  th e  ac tu a l physical properties of th e  crystal. The 
developm ent of new  organic m etals based  on th e  prototype 
tetrathiafulvalenium -7,7,8,8-tetracyanoquinodim ethanide (TTF-TCNQ] began 
shortly after its  discovery, w ith th e  syn thesis of tetraselenafulvalene (TSF) 
[1.13] an d  tetram ethyltetraselenafulvalene flMTSF) [1.14], Like TTF, bo th  
TSF an d  TMTSF form  a  conductive sa lt w ith 7 ,7 ,8 ,8 -tetracyanoquino- 
d im ethane (TCNQ) [1.13]. This led subsequently  to  increased  synthetic  
m odification of th e  TTF and  TSF skeletons an d  even using  Te in stead  of S  
or Se atom  [1.15]. Today, th e  num ber of organic m etals reported is  quite 
large; m ost, if n o t all, are  b ased  on TTF or TCNQ derivatives. Still, there  is 
a  large n u m b er of in teresting  com pounds related  to  TTF-TCNQ th a t need to 
be prepared. Table 1 p resen ts  th e  chronological progress of organic m etals 
based  on TTF derivatives [1.16], Electrocrystallization h a s  been  u sed  in  the
Table 1.1
Progress In organic m etals research  based  on TTF derivatives.
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Year M aterial Properties Reference
1973 TTF-TCNQ m etallic s ta te  discovered 
in  a n  organic solid m etal- 
in su la to r transition;
Tm -I -  53° K
1.17,1.18
1974 TSeF-TCNQ isostruc tu ra l Se analogs 
DSeDTF-TCNQ prepared:
TM-I = 2 8 “ K
1.13.1.19
1975 (TTF)x (TSeF) j^TC N Q organic alloys 1 .2 0 , 1 .2 1
1975 HMTSeF-TCNQ high conductivity m aintained 
a t  low T; Tm .j = 16° K
1 . 2 2
1976 HMTSeF-TCNQ t MT suppressed  u n d er p ressu re 1.23
1980 (TMTSF)2 PF6 conductivity a t  T ^ ^  > 
105 /ohm -cm ;(Becngaard salts)
1.24
1980 (TMTSF)2X organic superconductivity 
discovered in  X=PFg u nder 
p ressu re  an d  C104  a t  am bient 
pressure; Tc = 1° K
1.7,1.8
1982 (BEDT-TTF)2 C104 -
VfeCl3 C2 H3 ;
i5-(BEDT-TTF)2 PF6
new  two dim ensional organic 
m etals
1.25,1.26
1983 (BEDT-TTF)2 R e0 4 first sulfur-based organic 
superconductor; Tc = 2 °  K
1 . 1 0
1985 J3-(BEDT-TIF)2 AuI2 am bient p ressu re  su p er­
conductivity a t  the  h ighest 
Tc * 5° K observed in  
a n  organic m etal
1.27
preparation of crystals of charge transfer com pounds su ch  as  (ET)2 C1 0 4  
and (TMTSF^CIO^ The commonly used  solvents are dlchloromethane 
(CH2 CI2 ), 1,1,2-trlchloroethane (1,1,2-TCE), chlorobenzene, and  
tetrahydrofuran (THF) [1.28], 1,1,2-TCE h a s  been used  to favor the 
formation of 2:1 phase of (ED2 CIO4  [1.11]. As a  technique, little 
Information is available concerning Its optimization for fabrication of new 
m aterials. The success of obtaining good crystals of organic m etals depends 
on several factors, su ch  as  th e  properties of organic solvents, th e  solubility 
of precursors and Interm ediates, and  even th e  choice of electrochemical 
m ethods [1.13]. Obtaining good crystals requires the  evaluation of the 
synthetic m ethods. In order to do this, studies concerning the  basic 
electrociystallization processes and  the  electron transfer m echanism s are 
required. Such stud ies m ay help in  optimizing crystal growth processes 
and  establishing conditions for reaction.
Therefore, the  objectives of th is work are:
1. To study  the  oxidative electrochemistry of TMTSF and  ET in  two 
commonly used solvents, acetonitrile (CH3 CN) an d  1,1,2-TCE, using cyclic 
voltammetry (CV), rotating disk  (RDE) an d  rotating ring-dlsk voltam m etiy 
(RRDE).
2. To determ ine th e  electrode reaction kinetics of TMTSF an d  ET using 
chronoam perom etry (CA) and  RDE.
3. To clarify the basic electrociystallization process which can  be used for 
optimization of crystal growth using  the  electroanalytlcal and  spectroscopic 
techniques.
4. To characterize TMTSF, ET and  their perchlorate sa lts  In the  bulk  
solution during electrolysis using  UV-V3S spectroscopy.
CHAPTER n  
MATERIALS AND METHODS
2.1 MATERIALS
G radient sublim ed BEDT-TTF (ET) an d  TMTSF w ere obtained from 
S trem  Chem icals Inc. a n d  used  a s  received. Tetra-n-butylam m onlum  
perchlorate (TBAP), obtained from  S outhw estern  Analytical Chem icals, Inc., 
w as vacuum  dried prior to use. 1,1,2-TCE w as p u rchased  from  Aldrich 
Chemical Co., Inc.. B oth AgNOg an d  CH3 CN were obtained from  J.T . Baker 
Chemical Co. The solvents were purified by  distillation prio r to  u se  [2.1]. 
Ferrocene w as obtained from a n  organic chem istry laboratory an d  w as 
sublim ed twice. The high purity  P t wire (99.999 %) an d  P t foil (99.99 %), 
u sed  for fabrication of electrodes, were obtained from Aesar.
2.2  ANALYTICAL AND ELECTROCHEMICAL TECHNIQUES
2.2 .1  Com puter-assisted electrochem istry
This technique w as devised to allow m ore precise resu lts  an d  elaborate 
d a ta  m anipulation. For th ese  experim ents, a  PAR 273 
P o ten tiostat/G alvanostat and  a  Z enith  Z-248 AT com puter equipped w ith a  
National In strum en ts  IEEE 488 (NI488) card were used . The PAR 273 is 
equipped w ith two 14-bit digital-to-analog converters (D/A) w hich provides 
flexible an d  precise control of the  potential o r cu rren t an d  a  1 2 -b it analog- 
to-digital converter (A/D) w hich allows fast d a ta  acquisition. It can  b e  used  
also a s  a  d a ta  acquisition device th ro u g h  one of its  auxiliary p o rts  a t  th e  
rear-panel. It is w ith th is  feature th a t  th e  PAR 273 w as used  for o ther 
electrochem ical experim ents su ch  a s  w ith a  Pine In stru m en ts  RDE 3.
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Further, waveforms generated by the PAR 273 can  be accessed through its 
E m onitor ou tpu t (front panel) connected by a  BNC cable to th e  E in p u t of 
RDE 3. The RDE 3 cu rren t follower ou tp u t is th en  accessed by the  PAR 
273 via the  rear-panel auxiliary port. Therefore, the PAR 273 controls the 
other potentiostat’s activities. Its ability to talk, listen, send  service request 
(SRQ) an d  send error m essages to a  host com puter m akes th is  piece of 
equipm ent sophisticated enough to require knowledge of com m ands or 
command sequences th a t will satisfy a  given electrochemical experiment.
To ru n  an  electrochemical experiment, the following steps are required:
1. Waveform generation. This step  determ ines w hat electrochemical 
experim ent is to be performed. This requires definition of th e  type of 
waveform to be used, su ch  as  a  ram p waveform (linear sweep, cyclic 
voltammetry), a  s tep /p u lse  (chronoamperometry), or a n  arbitrary  or 
waveform defined point-by-point (square wave voltammetiy). The initial, 
final and  vertices values and  their location in  a  memory array  are  also 
defined together w ith num ber of sam ples per point, num ber of points, tim e 
base, num ber of sweeps, bias, resolution, cu rren t range, filter, gain setting, 
m odulation range, and  sam pled param eter su ch  as  current, potential or 
auxiliary port. These m ake up  an  intricate se t of com m ands which should 
be completely tested and  well debugged.
2. D ata Acquisition. Once a  se t of com m ands defining a n  experim ent 
has  been sent, the next phase is to s ta r t the  experiment. Only three 
com m ands are  sent, either one line a t  a  tim e or in  a  literal string "CELL 
1;NC;TC". This com m and string tells th e  PAR 273 to tu rn  th e  cell on, to
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clear memory space for a  new curve ("NC") and  to s ta r t taking curve points 
('TC").
3. D ata Transfer. This stage cannot be performed u n til after the  ru n  
h as  been term inated normally, or halted by th e  user. Serial polling In th is 
case Is Im portant to stream line th e  flow of commands. The com m and for 
th is stage Is "BD m  n". This causes the  PAR 273 to b lnaiy  dum p (BD) the 
curve starting  w ith m th  point and  n  total num ber of points to th e  host 
computer. "CELL 0" is Included to tu rn  off th e  cell to avoid fu rther 
electrolysis. Therefore, the appropriate string  com m and is  "CELL 0; BD m 
n".
E ither a n  Interactive. MS QUICKBASIC, compilable program  developed 
in  our laboratory [Appendix I] or LOTUS 123/MEASURE, a  commercial 
spreadsheet w ith  a  resident IEEE 488 driver for th e  National Instrum ents 
IEEE488 card, w as used  for control and  da ta  collection.
Using the interactive program, com m ands can  be sen t one line a t a  
time or in  series of lines as  in a  com m and ASCQ file. The list of com m ands 
recognized by PAR 273 is elaborated in  the PAR 273 m anual. Examples of 
how com m ands can  be organized for any  electrochemical experim ent are  
also given there. Once a  se t of com m ands h a s  been established for a n  
electrochemical experim ent th is can  be saved in  a  file and  recalled as  
required. It is also possible th a t the  established se t of com m ands be placed 
in  a  subroutine and  th en  added to the  m ain program. It Is im portant to  
note th a t the flow of com m ands be controlled In su ch  a  m anner th a t a  
command can  be processed and  executed before ano ther s tream  of 
com m ands are  accepted for processing and  execution. This can  be done by
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polling the PAR 273 to check for completion of th e  m ost recent command, 
or w hether it is busy, or to see if it is Just waiting for ano ther stream  of 
com m ands.
Using LOTUS 123/MEASURE, sim ilar sets of com m ands were m ade u p  
depending on the  type of electrochemical experiment. Inside LOTUS 123, 
each stage of th e  experim ent w as p u t in  a  m acro th a t can  be  invoked 
sequentially. Electrochemical experim ents consisting of cyclic voltammetiy, 
chronoamperometry, ac  chronoam perom etiy, Tafel m ethod, rotating disk 
and  rotating ring-disk voltam m etry were performed utilizing m acros 
developed for them . Examples of com m ands used  an d  m acros developed 
are  illustrated in  Appendix II. One advantage of using th is software is th a t 
the  points are placed in  a  designated range of the spreadsheet cells, where 
they can be either graphed or m anipulated a t  once. Features of the 
spreadsheet su ch  a s  graphics, file m anagem ent, p rin ter output, and  
m athem atical functions can  th en  be accessed for la ter use.
2 .2 .2  E lectrosynthesis o f (TMTSF^CK^ and (ET)2 C1 0 4
Electrochemical crystal growth techniques have been usefu l in  
preparing high quality single crystals of charge transfer com pounds 
involving polycyclic arom atics [2.2,2.3], m etal dithiolenes [2.4], 
tetrathiafulvalene derivatives [1.7,1.24,2.5,2.6] an d  TCNQ [2.6]. The various 
conditions for crystal growth th a t have been  used  a re  different solvents, 
constituent concentrations, tem peratures, curren t levels, an d  electrode 
m aterials and  forms [2.5,2.9], V ariations of solvent [2.9.2.7J an d  current 
appear to have a  greater effect on crystal size and  composition th a n  
changes in  constituen t concentrations, tem peratures, and  electrode
m aterials and  forms. Using constant cu rren t versus constan t potential, 
am bient versus inert atm osphere, and  purity  of the constituents (donor, 
electrolyte, solvents) also have been  employed to determ ine w hether they 
have effects on the low-tem perature properties of th ese  m aterials [2.5]. 
Bechgaard et aL [1.24] used a  constant cu rren t m ethod in  which the 
oxidizing curren t (in pA) was applied su ch  th a t only diffusion-limited 
processes controlled the production of radical cations. This gives plausible 
m onitoring of crystallization rate  throughout the  experim ent [1.24]. One 
disadvantage of th is technique is th e  possibility of over-oxidizing th e  radical 
cation to the dication species. It can occur w hen the  donor is alm ost all 
consum ed and  conditions will begin to further oxidize the  crystals (to 
dicatlon species) In order to m aintain  th e  se t cu rren t level [2.5], Engler et 
aL [2.5] utilized bo th  techniques in  order to find ou t differences in  the solid 
sta te  properties of th e  com pounds prepared by both  m ethods. One 
advantage of employing the  constant potential technique is th a t  it would 
provide a  m ore controlled end-point of a  crystal run . Using th is  technique 
successfully, however, one has  to know a n  optim um  "window" (constant 
potential value and  curren t levels) for the  ra te  of crystal growth. For 
curren t levels above the  optim um  value, the  crystal growth is very rapid 
th a t leads to extensive nucleation and  produces m icrociystals or powder.
At curren t levels below the optimum, side reactions and  diffusion from the 
electrode compete w ith the nucleation a t  th e  electrode an d  lead to  poor 
quality crystals and  very low yields. No significant variations in  the  low 
tem perature solid s ta te  properties were observed for b o th  synthetic m ethods 
w hich suggests th a t both  electrocrystallization procedures m ay be  self-
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purifying by selecting only conducting ciystal phases w ith constituents 
having specific oxidation potentials and  solubility properties [2.51. The 
crystal itself can  ac t a s  a n  electrode w hereas insulating phases would coat 
the electrode and  stop the  recrystallization [1.24].
The electrosyntheses of (TMTSF)2 C1 0 4  and  (ET^CIC^ were performed 
following the m ethod of Engler et a i [2.81 w ith som e modifications.
Typically, abou t 20 mg TMTSF or ET w as dissolved in  25 ml of 0.10 M 
TBAP/1,1,2-TCE solution in  the  anode com partm ent of a  previously oven- 
dried H-cell (Fig. 2.1), which was cleaned by soaking in  a  H2 SO4 -HNO3  
m ixture prior to use. The cell was placed inside a  glove box u nder argon 
atm osphere and  covered w ith black cloth to exclude light. Three-electrode 
electrolyses were done using a  PAR 273 under potentiostatic control. P t 
wires were used  for working and  counter electrodes. The silver reference 
electrode (SRE) used  consisted of a  silver wire electrode in  0.01 M AgClC>4 
and 0.10 M TBAP in  CFkjCN, housed in  a  glass tub ing  w ith a  fine wick a t 
the end. The potential between the  working and  reference electrodes was 
m aintained a t 0 .10 V, the  potential a t which ET or TMTSF can  undergo le" 
oxidation. The SRE w as separated  from the  cathode (counter electrode) to 
prevent any products of the  cathode reaction from gaining access to the 
reference com partm ent. Between the anode and cathode com partm ents was 
a  fine frit m em brane th a t served to minimize contam ination of the  anode 
cham ber. Crystals were harvested in  5-7 days. These w ere detached and  
w ashed w ith absolute MeOH and  then  a ir  dried. The crystals were stored 







Pt cathode wireHg contact
Fig. 2.1
H-cell for electrosynthesis of (ET)2C104 and (TMTSF^CIO .̂.
Stepwise electrolyses of TMTSF and  ET were carried ou t using  a  
conventional three-electrode electrochemical cell. Weighed am ounts of 
TMTSF or ET were dissolved in  25.0 m l portions of 0.10 M TBAP solution in
1,1,2-TCE. Provisions for the  three electrodes and  a  2-way stopcock for 
bubbling and  m aintaining a n  Ar atm osphere were standard . A P t flag 
electrode w ith large area  w as used  as  the working electrode and  the 
reference used  was a  SRE. Another P t electrode w as used  a s  a  counter 
electrode. Using the PAR 273, a  potential of 0.20 V betw een th e  reference 
and  th e  working electrodes was m aintained to generate th e  monocation form 
of TMTSF, or ET. The solution w as stirred continuously during the  
electrogeneration process. At various am ounts of charge passed, 1-ml 
aliquot sam ples were taken  for UV/VIS spectroscopy. W hen the  la s t sam ple 
was taken, the potential was increased to about 0.90 V (further oxidation to 
the dication form) and  m aintained a t th a t value for abou t 2  hours and  then 
brought back  to 0.20 V (reduction) and  m aintained a t  th e  sam e potential 
value for the sam e tim e a s  before, 1 -ml aliquot sam ples were taken  for 
UV/VIS spectroscopy. The potential was th en  changed to -0.10 V and 
m aintained for 2 hours. Aliquot sam ples were taken  for UV/VIS 
spectroscopy after the  electrolysis time.
2 .2 ,3  Chemical synthesis of TMTSFCIO4  and ETCIO4
Chemical syntheses of TMTSFCIO4  an d  ETCIO4  were performed using  
the m ethod of Hunig et aL (2.9). A 10-mg solution of ET, or TMTSF, was 
dispersed in  45 ml of CH3 CN and  5 ml of concentrated HCIO4  w as added 
dropwise while the  container w as shaken. The acidified m ixture w as then  
heated to 50° C for 1 hour. At the  end of the hour, th e  m ixture was cooled
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to abou t 0° C using  an  ice-water b a th  and  the  precipitate w as allowed to 
settle. The m ixture w as:illtered an d  the  precipitate w as w ashed with 
absolute MeOH an d  air dried. Yields of 51% an d  42% were obtained for 
TMTSFCIO4  and  ETCIO4 . respectively. The precipitate w as used  to prepare 
solutions for UV/VIS spectroscopy.
2 .2 .4  Constant-potential coulometry
Constant-potential coulom etry can be used  In m echanistic 
electrochemical s tud ies to determ ine th e  num ber of electrons Involved in  a  
reaction. The advantage of using th is technique is th a t it allows oxidation 
or reduction of a  particu lar species In a  m ixture, o r perhaps Ju st one of a  
num ber of possible steps. Coulometry, In general, Involves the  
determ ination of th e  am ount of m aterial electrolyzed from the  am ount of 
charge passed  through the electrolysis cell. Faraday’s law relates th e  
m easured charge to the  am ount of m aterial electrolyzed.
N = Q /n F  (2.1)
w here N is the num ber of moles of substance being electrolyzed, Q is the 
total charge passed  (coulomb), n  is the  num ber of electrons transferred per 
molecule and  F is th e  Faraday’s constant.
The total charge passed  during the  exhaustive electrolysis is obtained 
by integration of th e  current. The electrolysis is  completed w hen th e  
current becomes indistinguishable from the  residual current. The n e t 
charge is obtained from d ie  difference of th e  charge due to  th e  residual 
curren t and  the total m easured charge. The residual charge is estim ated by
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running  a  background experim ent using  only supporting electrolyte and  
integrating the current over the sam e time interval. By proper selection of 
the  applied potential, i.e., a t which the  limiting curren t occurs for the redox 
process, complete electrolysis can  be achieved w ithin a  reasonable time. In 
addition, using  a  large surface area of the electrode and  effective stirring the 
electrolysis can  proceed a t  a  more rapid rate.
Coulometry was performed using  the PAR 273 Potentlostat and  a  
standard  H-type cell. The working and  the  counter electrodes were a  Pt 
m esh screen type and  a  square Pt plate, respectively, and  th e  electrolyte 
was 0.10 M TBAP/CH3 CN. Throughout the electrolysis, the  solution was 
stirred continuously. For each case, background coulometry was performed 
first and  the sam ple th en  added for quantitative analyses.
2.2.5 Cyclic Voltammetry (CV)
Perhaps, CV is the m ost commonly used  electroanalytical technique for 
the study  of redox reactions and  it h as  become a  popular choice for 
prelim inary studies of electrochemical reactions over a  wide potential range. 
This technique, in  the m ost expedient way, provides qualitative information 
on the n a tu re  of an  electrochemical reaction. There are  several books th a t 
deal w ith the  theory and  practice of m odem  voltammetry [2 .1 0 ,2 . 1 1 ,2 .1 2 ].
CV consists of cycling the potential of an  electrode, w hich is immersed 
in  an  unstirred  solution of about 1 mM reactan t In a  solvent, and  
m easuring the resulting curren t [flowing between working an d  counter 
electrodes). The potential of the working electrode, which commonly Is 
carbon, p latinum  or stationary  mercury, is controlled versus a  suitable 
practical reference electrode su ch  a s  a  sa tu ra ted  calomel electrode (SCE) or
a  silver-silver chloride electrode (Ag/AgCl). The applied potential in  CV is a  
linear potential scan  w ith a  triangular waveform. This potential excitation 
sweeps the potential of th e  electrode between two values, w hich are  called 
the switching potentials, Esw. Single or m ultiple cycles can be used. A 
cyclic voltammogram is obtained by m easuring th e  curren t a t  th e  working 
electrode during the potential scan  (Fig. 2.2). The voltammogram provides 
four m easurable param eters; the anodic and  cathodic peak  currents, ip(a) 
and  ip(c) and  th e  potentials where they occur, Ep(a) an d  Ep(c). These 
param eters are used  to qualitatively diagnose electrode reaction 
m echanism s. For example, the potential difference between the  two peak 
potentials and  th e  cu rren t ratios are used  to d istinguish a  reversible system  
from a  non-reversible one.
For reversible system s, i.e., those fast electron transfer reactions 
obeying the  N em st equation a t all stages of the  scan,
AEp = Ep(a)-Ep(c)= 59 m V /n (2.2)
w here Ep(a) is the  anodic peak  potential (mV), Ep(c) is th e  cathodic peak 
potential (mV) an d  n  is the  num ber of electrons transferred. Also, the peak 
curren ts should be  sim ilar in  value, or






Cyclic voltam m ogram  of a  reversible species.
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since the  diffusion coefficients of the  oxidized and  reduced forms are 
usually approximately equal. The peak  current, Ip, is defined hy the 
Randles-Sevcik equation,
ip = (2.69 x  loS jn 3 / 2 ^ 1 / 2 ^ 1 / 2  (2.4)
where n  is the  num ber of electrons, A is electrode area (cm2), D is diffusion 
coefficient (cm2 /s), C is concentration of species (mol/mL), and  v is scan 
rate  (V/s).
Therefore, plots of Ip(a) and ip(c) versus v * / 2  are linear w ith intercepts 
a t the origin for reversible system s.
For irreversible system s, AEp > 59 m V /n, an d  its  value is dependent 
on the scan  ra te  and  th e  heterogeneous ra te  constant. The peak  curren t is 
defined by
ip = (2.99 x  10s )n(ana)1 / 2 AD1 / 2 Cv1 / 2  (2.5)
where n a  is the num ber of electrons in  th e  rate-determ ining s tep  of the 
electrode process an d  a  is th e  transfer coefficient.
Any deviations from these criteria do no t always connote complications 
(slow kinetics or chemical reactions) p resen t in  th e  mode of electrode 
reaction. It is also im portan t to recognize th e  fact th a t deviations m ay also 
be due to iR and  charging currents.
21
The utility of CV as a technique for m echanistic stud ies is further 
dem onstrated in Fig. 2.3, which illustrates plots of cu rren t ratios versus 
scan  rate  for different electrode m echanism s.
CV experim ents were performed w ith a  conventional three-electrode 
electrochemical cell using  weighed am ounts of ET, or TMTSF, dissolved in  
25,0 ml portions of 0,10 M TBAP solution, in  either 1,1,2-TCE or CH3 CN. 
Provisions for th e  th ree  electrodes and  2-way stopcock for bubbling and 
m aintaining an  Ar atm osphere were standard . A glassy carbon electrode 
(geometric area A = 0.071 cm2) or a  Pt electrode (geometric area  A = 0.0086 
cm2) was used as  the working electrode. Electrodes w ere polished with 
chelated zinc powder on a  felt cloth prior to use. SRE w as used  a s  a 
reference electrode. The potential of the  nonaqueous reference was 
com pared from tim e to tim e with a  SCE electrode. The potential of the 
nonaqueous reference electrode w as fairly constan t (0.300 ± 0.005 V vs 
SCE). Prior to the acquisition of a  com puter an d  NI488 card, som e 
experim ents were performed using  either a  Pine Instrum ent Co. potentiostat 
Model RDE 3 or a  PAR 174A Polarographic Analyzer (as a  potentiostat in  
the  DC mode). A PAR 9002A X-Y recorder w as used  to record the  
voltammograms. Com puter-assisted CV experim ents also were performed 
for quantitative analyses.
2.2 .6  Rotating disk electrode (RDE) and Rotating ring-disk 
electrode (RRDE)
In contrast to CV, these m ethods u se  a  rotating d isk /rin g  geometry 
w hich perm its precise hydrodynam ic control of th e  flux of species to and  
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Fig. 2 .3
C u rren t ratios, ip(a)/ip(c), a s  a  function  of 
scan  ra te  for d ifrerenrelectrode m echanism s 
involving reversible electron tran sfe r [2.16.2.17J.
23
rotational speed. Their ability to distinguish kinetic or diffusion regimes 
m akes these m ethods a  powerful m eans of investigating kinetics and  
m echanism s of electrode processes. These m ethods are widely used in  
electroanalytical chem istry for a  variety analytical purposes, for example, to 
study  the m echanism s and  kinetics inform ation of electrode reactions, 
homogeneous chemical reactions in  the  electrochemical processes, 
adsorption processes a t solid electrodes, and  for th e  m easurem ent of 
diffusion coefficients and  the concentration of solutes.
The scope of the RDE w as extended further w ith the  development of 
the rotating ring-disk electrode (RRDE) [2.15] an d  its theory [2.16]. Using 
single electrode techniques, such  as  the RDE, to elucidate the details of an  
electrochemical reaction is no t sufficient. Supplem enting su ch  da ta  w ith ex 
post facto inform ation (i.e. chemical analysis of th e  electrolyte) is often 
necessary, b u t is inadequate if a n  unstab le  or reactive species occurs 
during electrolysis. In RRDE, th e  ring is situated  dow nstream  from the disc 
and  th u s  has the capability to detect alm ost sim ultaneously species 
generated a t the  disk electrode. This se tup  provides an  elegant and  
convenient solution to the  analytical problem. The possibility of separating 
and  independently analyzing electrochemical reaction interm ediates is a  
unique and  inheren t feature of RRDE. Therefore, it is especially helpful in  
studying complicated m ultistage reactions, for example, in  organic 
electrochemistry, in  anodic dissolution of m etals, and  in  other sim ilar cases.
Rotating disk electrode. For a  simple reaction, O + ne" = R, the  
limiting current, ip a t  a  RDE for the  reduced form is given by
ij(a) = - 0.625nFADR2 / 3CRv-1/ 6fi>V6 (2.6)
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w here n  Is num ber of electrons, F  the  F araday’s  constan t, A a rea  of the 
d isk  electrode (cm2), D diffusion coefficient of species (cm2 /s ) , v kinem atic 
viscosity (viscosity/density) of th e  so lution (cm2 /s ) , an d  to is angu lar velocity 
of th e  d isk  (= 2 rcf, f  is rev/sec).
This equation applies to  th e  totally m ass-tran sp o rt lim ited condition a t  
th e  RDE. The shape of th e  wave for a  reversible wave is Independent of co. 
The lim iting cu rren t, ip is proportional to C an d  A deviation of a  plot 
of ij v ersu s w1/2, from a  s tra igh t line th a t  in tersects th e  origin, suggests th a t 
som e kinetic step  is involved in  the  electron transfer reaction.
Rotating rlng-disk electrode. RRDE experim ents involve exam ination 
of two potentials (that of the  disk, E q  a n d  th a t  of th e  ring, ER) an d  two 
cu rren ts  (disk, i^ , an d  ring, iR). Several experim ents a re  possible a t  the 
RRDE b u t two m ost im portan t experim ents a re  described below.
Collection experiments. Consider th a t  a  reaction, O + n e ' = R, 
occurring a t  th e  d isk  a s  a  re su lt of a n  applied potential a t  th e  disk, Epj, 
produces a  cathodic current, ip*. The ring  is m ain tained  a t  a  positive 
potential, E R, su ch  th a t  th e  reaction, R = O + ne" , occurs a t  th e  ring w ith 
concentration of R a t  th e  ring  being zero. The ring current, iR is  related to 
th e  d isk  cu rren t by the  collection efficiency, N. Collection efficiency is 
calculated from  th e  d isk  geometry, since It depends on  r j ,  1 2 , a n d  rg  an d  Is 
independent of to, C, D q . Dr , etc. C alculation of N u s in g  d isk  geometry 
involves rigorous m athem atics. V alues of N for various ^ / r j  an d  r g / ^  
ra tios are often tabulated , e.g., [2.17], N can  be determ ined experim entally
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for a  given electrode by  m easuring i^  and  ip  for a  system  w here R is stable 
and  using  the  following relationship,
1D = -IrN (2.7)
Plots of ip> an d  lp  as  functions of Ej} (at constan t Ep) are obtained. The 
product is stable if N is independent of ip  an d  ©. However, if R 
decomposes a t  a  ra te  th a t some Is lost going from the  disk to the ring then 
N will be sm aller and  will be a  function of a , ip , ip, or C. Thus, 
information on rate  and  m echanism  of decay of R and  reversibility of 
electrode reaction (ip vs. E p  a t constant value of Ejj) can be  obtained from 
RRDE collection experiments.
Shielding experiments. A shielding experim ent involves setting 
E r  = Ep>. U nder these  conditions, the  shielding curren t, (ip)s h< is less th an  
ip  because some O is removed from solution a t the  d isk  electrode by 
conversion to R. The shielded cu rren t is expressed in  the  equation below:
( y Sh  = *R ‘ NiD = (02 / 3 -N)iD (2.8)
where JS is (1r/1d )3 ^ 2
The shielding efficiency is dependent only on th e  geometry of RRDE. 
Shielding experim ents m ake it possible to  determ ine precisely how m uch  of 
a n  electroactive species is consum ed a t  th e  disk electrode. However, it does 
not d istinguish a  faradaic reaction from non-faradaic ones su ch  as  
adsorption or chemical reaction.
2 6
Rotating disk and  rotating ring-disk electrode voltam m etry of ET or 
TMTSF were performed using a  suitable electrochemical cell. The 
supporting electrolyte used  w as 0 .10 M TBAP/1.1.2-TCE an d  counter and  
reference electrodes were the sam e a s  above. The working electrode w as a 
Pine Instrum ents DT Ring-Disk electrode (Fig. 2.4). It consists of a  ring 
concentric to a  d isk separated by a  Teflon gap of 0 .016 cm. The disk is 
m ade from glassy carbon w ith an  area of 0.459 cm 2 . Encircling th e  d isk Is 
a  P t ring with a n  in ternal rad ius of 0.797 cm, outside rad iu s  of 0.843 cm 
and  an  area of 0.059 cm 2 . The ring-disk electrode w as rotated  (with speeds 
from 200 to 3000 rpm) and  held in  a  precise position using  a  Pine 
Instrum ents ASR Rotator-. The ring-disk electrode w as lightly cleaned w ith 
chelated zinc powder on a  felt cloth prior to use. A Pine Instrum ents Co. 
potentiostat Model RDE 3 was used  as  a  four electrode potentiostat for 
electrochemical m easurem ents w ith a  PAR 9002A X-Y recorder to record the 
voltammograms. Some quantitative RDE experim ents were performed using 
the com puter-assisted arrangem ent described In Section 2.2.1.
2.2.7 Tafel Method
The Butler-Volmer equation, often used  empirically to analyze electrode 
kinetic data, is given by th is equation,
1 -  *o
CO(0,t) CR(0,t) ft . ..
c O CR
(2.9)
w here Ct(0,t) is the  concentration of species a t  electrode surface, Cj* the 
bu lk  concentration of species, f  is F/RT, a  is th e  transfer coefficient, n  is
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Fig. 2 .4
Diagram  of Pine In strum ents DT Ring-Disk electrode.
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the num ber of electrons involved and  r| is overpotential. The kinetic 
information contained in  Butler-Volmer equation is  expressed in  two 
param eters, the exchange curren t i0  (or exchange curren t density) an d  th e  
transfer coefficient a. The Tafel m ethod is used  to extract these param eters 
from experim ental data on well-stirred solutions. The expression used  to 
analyze current-overpotential curves is as  follows:
i = i0 exp (-otFYi/RT) (2.10)
This equation is true  w hen the overpotential, q, is  sufficiently negative th a t 
the anodic com ponent of the curren t is negligible. Using the  Tafel equation, 
the  exchange curren t and  the transfer coefficient can  be  determined. For 
example, for a n  equilibrium  m ixture of O and  R, th e  cu rren t m easured is a  
function of overpotential an d  if plotted as  log i vs q, two linear regions 
should be found with slopes of -16.90a an d  16.90 (1-a) a t  25° C. 
Extrapolation of the  linear portions of the  plot to zero overpotential yields 
the log of th e  exchange curren t as  the  intercept (Fig. 2.5). In  th is  type of 
experiment characterized by high reactan t concentrations and  efficient 
stirring, i.e., no m ass transport effects, the curren t is determ ined by 
interfacial dynamics.
The exchange current, i0, a t  the  one potential difference corresponding 
to an  equilibrium, is a  quantitative m easure of the  ra te  of the  reaction 
w hich occurs, a t  equal ra tes and  in  opposite directions, a t th e  interface. It 
represents the  m agnitude of the  ra te  of forward or reverse reactions between 
the electrode an d  the electroactive species w hen the  ne t charge transport is






equal to zero. In  other words, It characterizes th e  ra te  of the  electron 
exchange between the  electrode and  the electroactive substances under 
equilibrium [2.18]. From this, the  kinetic properties of interfacial system s, 
which can vary from one electrode m aterial to another, can  be determined.
Tafel experim ents were performed utilizing the sam e appara tus as  for 
CV experiments. Unlike CV experim ents, th e  solution w as stirred 
continuously and a  slow scan  rate  (10 m V/s) w as used. Also, two types of 
working electrodes were used, a  P t bu tto n  electrode (area A = 0.0086 cm^) 
and  organic m etal crystal electrodes. It would be m ost interesting to 
determ ine the  electron transfer characteristics of these m aterials a s  a  
function of their orientation. Therefore, for each crystal, th e  faces 
perpendicular to c- and  a-axes were used  to determ ine th e  exchange 
current densities. Large crystals of (TMTSF)2 C1C>4 an d  (ETI2 CIO4  were 
selected and  m ounted to 7-inch long wires w ith conductive Ag epoxy and  let 
s tand  for the epoxy to harden. The m ounted wires were th en  placed in 6 - 
inch long glass tubings and  insulating epoxy w as applied liberally to  ju s t  
expose the  crystal electrode faces. The fabricated electrodes were let harden  
overnight and  then  kep t in  a  desiccator un til needed. All potentials 
reported herein are versus SRE unless otherwise noted.
2.2 .8  Chronoamperometiy
Although cyclic voltammetry is suited for th e  qualitative investigation 
of complex electrode processes, it is less satisfactory for the  quantitative 
s tudy  of reaction kinetics. The shape of th e  cu rren t voltage curve, and 
hence its interpretation, m ay be seriously affected by th e  rate  of 
heterogeneous electron transfer, the  ra te  of the  follow u p  reaction, the
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charging of the  electrical double layer, uncom pensated resistance an d  
inadequate potential control. These problem s are  m uch  less im portant with 
chronoamperometry, which is usually  preferred for th e  quantitative study  of 
chemical reaction rates. W ith potentiostats and  d a ta  acquisition equipment, 
w hich are presently available a t  m oderate cost, stud ies of electrochemically 
generated interm ediates having half-lives ranging from millisecond or less to 
tens of seconds can  be performed readily.
However, th is  technique is not w ithout lim itations. Limitations could 
be due to the potentiostat and  recording device. A nother lim itation is the 
charging curren t which is contained in  the  total m easured current. The 
la tter can  be minimized by runn ing  the  experim ent using  only electrolyte 
solution an d  sub tracting  the  background cu rren t response from  the current 
response obtained w ith the electroactive sam ple added.
In  practice, a  chronoam perom etric experiment is done by stepping the 
potential applied to a  working electrode from an  initial value where 
negligible curren t flows to a  final value well beyond th e  half-wave potential. 
The current-tim e response is recorded. A varian t of the  technique, used  in 
th is study, double step  chronoam perom etry is described. The technique 
uses a n  excitation waveform illustrated  in  Fig. 2.6. The forward step 
involves the  transition  from E j  to E2  a t  t  = 0. At E j  no faradaic reaction 
occurs w hereas a t  E2  th e  reaction is su ch  th a t th e  surface concentration of 
reac tan t is nearly zero. For a  period t, there  is a  build  u p  of product near 
the electrode. However, in  the  second step  (or reverse step), a t  t  = r, the 






Double potential step  waveform an d  cu rren t 
response a s  a  function of tim e in  chronoam perom etry.
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Using the  above experiment, for a  reaction, O + ne" = R, under
stationary  conditions and using a  p lanar electrode, the  forward curren t 
response is given th e  Cottrel equation,
if(t) = nFAD1/ ^  t  > T  (2.11)
* l / 2 t l / 2
If th e  electron transfer is reversible an d  R is stable the reverse current 
response is
-ir (t) = nFAD^/^C t  < % (2 . 1 2 )
The curren t response as  a  function of tim e for th is m ethod is show n In Fig. 
2.6.
Suppose th a t the current is m easured a t tim e tf  after th e  first 
potential step  and  again  a t  time t r  after the  second step. The ratio  of the 
two curren ts is
- i r / i f = 1 - ( 1  - t / t j . ) 1 / 2  (2.13)
The cu rren t ratio elim inates the  need to determ ine the area  of the  electrode 
and diffusion coefficients.
If tf  = t  and  tr  = 2% then,
- ir  /  if = 0.293 (2.14)
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Such resu lt provides an  Indication of a n  uncom plicated reversible electron 
transfer. If the  product w as consum ed by a  chemical reaction th e  curren t 
after the second step  will be less th a n  the  expected value (0.293).
Chronoamperometry was done using  the  sam e ap p ara tu s  a s  above 
except th a t a larger P t flag counter electrode w as used. The Pt flag 
electrode w as b en t flat 90° to the  glass tubing to w hich It Is a ttached  and 
ru n s  parallel ju s t about a n  Inch below th e  P t bu tton  working electrode.
The sam e reference electrode was used  an d  kep t as  n ea r a s  possible to the 
working electrode. As before, com puter-assisted instrum entation  was 
utilized for all chronoam perom etric experiments.
2.2 .9  UV/VIS Spectroscopy of TMTSF and ET
The UV/VIS spectra of ET an d  TMTSF and  their various forms 
including their perchlorate sa lts  were obtained using  a  CARY 14 double 
beam  or a  GILFORD RESPONSE*™ spectrophotom eter a t  2 .0  nm  resolution. 
The la tter Instrum ent w as controlled by a  IBM PC com patible com puter via 
RS232C com m unication and  the  da ta  points were stored for later use. 
Solutions for spectroscopy were prepared using 1,1,2-TCE and  CH3 CN as  





Following th e  m ethod of Engler et aL [2.8] w ith some modifications, 
good crops of th e  perchlorate salts of TMTSF an d  ET were obtained in
1.1.2-TCE, especially, w hen constant potentials of 0.10 V for TMTSF and 
0.20 V for ET were employed. Another solvent, THF, w as tried b u t using
1.1.2-TCE gave better crops of crystal in  term s of size. Five to seven days 
were needed to obtain crystals of adequate size (5mm x  1.5 mm). The 
(TMTSF)2 C1 0 4  crystals harvested were always dark  colored and needle-like 
while those of (ET)2 C1 0 4  also were dark  in  color b u t appeared in  plate-like 
forms. Both crystal types are  very brittle, therefore, extra care w as taken in  
handling these crystals.
3.2 Cyclic Voltammetry
The electrochemical oxidations of TMTSF and ET in  nonaqueous 
system s first were investigated using cyclic voltammetry. Their reduction- 
oxidation waves were m onitored as  a  function of solvent polarity an d  scan 
rate, w ith 0.10 M TBAP supporting electrolyte in  CH3 CN an d  1,1,2-TCE 
solvents. The voltammograms of TMTSF show two oxidation peaks and  two 
corresponding reduction peaks with both  solvents (Fig. 3.1 an d  3.2). The 
two oxidation peaks a t the  lowest scan  ra tes  used  occur a t  0 .12 and  0.40 V 
in  CH3 CN and  a t  0.20 and  0.58 V in  1,1,2-TCE (uncorrected for liquid 
Junction potentials). The differences between these oxidation peaks are 0.27 
and  0.38 V in  CH3 CN an d  1,1,2-TCE, respectively. The anodic and
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I--------------1
0 . 2 0 V
Fig. 3.1
Cyclic voltaim netry of TMTSF (3.6 x  10' 4  M) in  0 .10  M 
TBAP/CH3 CN. Potential scan  rates: 10, 50, 100 m V /s.
0.20 V
Fig. 3 .2
Cyclic voltam m etry of TMTSF (2.0 x  10- 4  M) in  0 .10 M 
TBAP/1,1,2-TCE. Potential sc a n  rates: 10, 20, 50 m V /s.
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cathodic peak separations (Tables 3.1 and  3.2) for b o th  peaks In each 
solvent show quasi-reversible behavior. No m ajor differences in  these redox 
properties of TMTSF were observed In the  two solvents used, o ther th a n  the  
ra tes In the chlorinated solvent appear to be  slightly m ore hindered th an  in 
th e  first.
ET behaved electro chemically akin to TMTSF In CH3 CN, in  th a t two 
oxidation and  two reduction peaks were observed (Table 3.3 and  Fig. 3.3).
At the lowest scan  ra te  used, the  two oxidation peaks occur a t 0.25 and  
0.50 V in CH3 CN. The difference between the anodic peaks is 0.25 V a t 10 
m V /s. The reduction-oxidation peak differences for bo th  couples Indicate 
quasi-reversibility using the established criteria. In  1,1,2-TCE, however, ET 
behaved differently (Fig. 3.4). A scan  in  the  positive direction gives two 
oxidation peaks w hich occur a t  0 .28 and  0.56 V (uncorrected for liquid 
junction) using a  10 m V /s. The second peak obtained using  1,1,2-TCE 
appears steeper th an  th e  second wave in  CH3 CN, b u t  on the  reverse scan  
only a  single large reduction wave (at 0.12 V a t  10 m V/s) w as observed a t 
scan  rates ranging from 10 to 120 m V /s and  for two different switching 
potentials. The voltammetric param eters of ET In 1,1,2-TCE are  listed in  
Table 3.4. The integrated charge of the  two anodic waves and  the  large 
cathodic waves were equal a t  any  scan  ra te  studied. The transform ation of 
ET* to ET in  1,1,2-TCE w as m onitored by varying th e  scan  ra te  and  the 
switching potential an d  by using a  switching potential before the  onset of 
th e  second oxidation wave. Scanning the potential from 0.0 to 0.90 V and 
reversing, revealed the  electrochemical behavior of the  m onocation couple, 
ET/ET*, which undergoes quasi-reversible oxidation-reductlon. However,
Table 3.1
Voltammetric param eters of TMTSF (3.6 x  10‘ 4  M) 
in  0 .10 M TBAP/CH3 CN. WE = Glassy C; CE = P t wire; 
RE = Ag/Ag*. Potentials vs. SRE.
Rate in  m V /s, E  in  mV an d  i in  pA.
RATE E pa(l) ipa(l) Epa(2) ipa(2) Epc(l) ipc(l) Epc(2) ipc(2) AE(1) AE(2)
1 0 1 2 2 1.811 395 1.378 54 1.772 322 1.417 6 8 73
50 141 3.740 409 3.189 46 3.839 310 3.189 95 99
1 0 0 161 4.567 427 3.957 27 4.724 293 4.035 134 134
Table 3.2
Voltam m etric param eters of TMTSF (2.0 x  10~4  M) 
in  0 .10  M TBAP/1,1,2-TCE. WE = Glassy C;CE=Pt wire; 
RE = Ag/Ag1-. Potentials vs. SRE.
Rate in  m V /s, E  in  mV an d  i in  pA.
RATE E pa(l) ipa(l) Epa(2) ipa(2) Epc(l) ipc(l) Epc(2) ipc(2) AE(1) AE(2)
1 0 198 1.035 578 0.957 84 1.059 496 0.925 114 82
2 0 2 0 0 1.396 581 1.349 1 0 2 1.451 488 1.224 98 93
50 219 2.008 595 2 . 1 0 2 113 2.157 478 1.961 106 117




Voltammetric param eters of ET (4.1 x  10~4  M)
In 0.10 M TBAP/CH3 CN. WE=Glassy C; CE = Pt; 
RE = Ag/Ag*. Potentials vs. SRE.
Rate in  m V /s, E in  mV an d  i in  pA.
RATE Epa(l) ipa(l) Epa(2) Ipa(2) Epc(l) ipc(l) Epc(2) ipc(2) AE(1) AE(2)
1 0 246 0.824 496 0.627 155 0.635 425 0.745 91 71
2 0 243 1.114 500 0.902 150 0.902 420 1 . 0 2 0 93 80





Cyclic voltam m etry of ET (4.1 x  10' 4  M) in  0 .10  M 
TBAP/CH3 CN. Potential scan  rates: 10. 20, 50  m V /s.
Pfg. 3 .4
^ itam m ew c beIlavJOr of ET „  „
**• 1 0 -5 0 ,io o  m V /s.
Table 3.4
Voltammetric param eters of ET (3.8 x  10' 4  M) in  
0 .10  M TBAP/ 1,1,2-TCE. WE=Glassy C; CE = P t wire; 
RE = Ag/Ag*. Potentials vs. SRE.
Rate in  m V /s, E  in  mV an d  i in  pA.
RATE Epa(l) ipa(l) Epa(2) ipa(2) Epc(l) ipc(l) Epc(2) ipc(2) Epc(3) ipc(3)
1 0 284 1.882 560 2.540 160 19.137 — —
2 0 292 2.157 576 3.333 184 20.196 — —
40 298 3.608 590 4.863 176 22.824 — —
50 304 3.686 593 5.059 174 24.118 — —
60 303 4.118 600 5.294 172 25.098 — —
80 299 5.098 607 4.510 167 25.176 — —
1 0 0 315 6.196 615 6.078 164 26.118 — —
1 2 0 317 6.471 622 7.686 159 27.843 —
00
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when the  switching potential w as changed to a  m uch m ore positive value 
(1.40 V), two oxidation peaks were observed on  the forward scan  and  a  
large single reduction wave on the reverse scan  (Fig. 3.5).
To characterize fu rther the  large reduction peak  exhibited by ET In 
chlorinated solvents, the cu rren t function ip/Vv was used  a s  a  diagnostic 
criterion. This param eter provides a  ratio w hich Is constan t over th e  u su a l 
range of scan  ra te  for system s Involving uncom plicated m ulti-step electron 
transfer reactions [3.1]. Plots of the cu rren t function for th e  two anodic 
peaks were found to be constan t (Fig. 3.6) an d  th is indicates th a t  the 
transform ations, ET to ET* and  ET4" to ET4-2, occur consecutively w ithout 
any evidence for chemical reactions or physical phenom ena Interposing 
between the electron transfer steps. However, th is  is no t tru e  for the 
reverse transform ation ET4"2  to ET4  In 1,1,2-TCE. Prior to or during the 
reduction, a chemical reaction or physical phenom enon Is also In progress. 
This effect is a function of scan  rate, a s  evidenced by the  cathodic function 
plot, w hich h as  a  high cu rren t function value a t  low scan  ra te  b u t levels off 
a t higher scan  rates. Fig. 3.7 Illustrates the voltammograms of ET In 1,1,2- 
TCE a t  higher scan  rates. The reduction wave th a t w as ab sen t using  th e  
low scan  rates can  now be observed s tarting  a t  300 m V /s scan  rate, an d  it 
continues to Increase as  the  scan  ra te  is Increased. This Indicates th a t the 
hindrance of the reduction of the ET4 -2  Is kinetlcally controlled.
3.3 RDE and RRDE Voltammetry
Figure 3.8 contains th e  rotating ring-dlsk voltammograms of TMTSF In 
1,1,2-TCE. The d isk  potential w as scanned from 0.0 to 0 .90 V reference a t 






V oltam m etric behavior of ET (3.8 x  10' 4  M) in  0 .10  M 
TB A P/1,1,2-TCE a s  function  of sw itching potential 
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Fig. 3 .6
V ariation of cu rren t function, ip/Vv (pAs"^) a s  a  function 
of scan  ra te  (mV/s) for oxidation an d  reduction  of ET 
(3.8 x  10' 4  M) in  0 .10  M TBAP/ 1,1,2-TCE.




Cyclic voltam m etiy of ET (4.5 x  10' 4  M} in  0 .10  M 
TBAP/1,1,2-TCE. Potential sc an  ra tes: 300, 500, 700, 









RRDE voltanunetiy  of TMTSF (1.96 x  10"^ M) In  0.10 M 
TBAP/ 1,1,2-TCE a t  different rotational speeds.
D isk potential scan  rate: 2 .0  V /m ln  
D isk potential scan  range: 0 .0  to 0.90 V 
Ring potential: 0 .0  V
Rotational speeds: 200, 400, 600, 800, 1000, 1200, 
1400, 1600 rpm .
potential scan  from 200 to 1600 rpm . The ring potential w as m aintained 
throughout the potential scan  a t  0.0 V. At th is ring potential, th e  species 
oxidized a t  the  d isk is th en  reduced back. The ring cu rren t is, thus, 
proportional to the  am ount of species reduced a t  the ring. The 
voltammograms indicate two one-electron transfers, oxidations and  
reductions, a t th e  disk an d  th e  ring electrodes, respectively. Figures 3.9 
and  3.10 show the linear dependences of d isk and  ring limiting currents on 
Vto. This indicates th a t the electron transfer reactions are no t preceded or 
followed by a  chemical step. C urrent values and  the  corresponding Va 
values are listed in  Tables 3 .5a and  3.5b. The ring collection efficiencies for 
TMTSF were calculated using  the  resu lts  of RRDE experim ent above. For 
the  two one-electron oxidations, the  efficiencies rem ain constan t w ith all 
1 / V a  values stud ied  (Fig. 3 .1 1  and  Table 3.6), again suggesting an  
uncom plicated EE m echanism  on th is tim e scale (see below). Figure 3.12 
illustrates th e  rotating  ring-disk voltammograms of ET. Similar 
experimental conditions to those for TMTSF were used  and  the  upper 
voltammograms, which perta in  to anodic currents, also indicate two one- 
electron transfer steps a t  th e  disk electrode. However, th e  lower 
voltammograms, showing cathodic currents, differ from those of TMTSF 
during the second stage of th e  scan. Instead  of the  curren ts increasing to 
approximately constan t values, they  decrease abruptly  and  rem ain relatively 
small. Far less homogeneous reducible species are  reaching th e  ring 
beyond 0.80 V, w hich implies th a t the ET4^  species h a s  formed a  solid 




















Dependence of d isk cu rren t on  th e  sq u are  root of 
rotational speed for TMTSF (1.96 x  10‘ 4  M) In 
0.10 M TBAP/1,1,2-TCE).












D ependence of ring cu rren t on  th e  square  root 
of rotational speed. TMTSF (1.96 x  10- 4  M In 
0.10 M TBAP/1,1,2-TCE).
Wave 1 = □  Wave 2  = 0
52
Table 3.5a
F irst wave disk and  ring cu rren ts of TMTSF 
(1.96 x  10' 4  M) in  0.10 M TBAP/1,1,2-TCE. 
to in  ra d /s ;  id.ir in  pA. Calculated values 
are  in  parenthesis.
Voo id ir
4.577 17.50 (17.559) 2.12 (2.287)
6.473 22.50 (22.677) 3.25 (3.156)
62.850 26.80 (26.604) 3.87 (3.823)
83.800 30.00 (29.915) 4.50 (4.385)
104.750 32.90 (32.832) 4.90 (4.881)
125.700 35.60 (35.469) 5.32 (5.329)
146.650 37.80 (37.894) 5.75 (5.740)
167.600 40.00 (40.151) 6.00 (6.124)
Table 3.5b
Second wave disk and  ring curren ts of TMTSF 
(1.96 x  10"4  M) in  0 .10 M TBAP/1,1,2-TCE. 
co in  ra d /s ;  id, ir in  pA. Calculated values 
are in  parenthesis.
Va id ir
4.577 38.00 (37.876) 4.75 (5.009)
6.473 48.50 (48.687) 7.00 (6.884)
7.928 56.60 (56.983) 8.45 (8.323)
9.154 64.10 (63.977) 9.70 (9.536)
10.235 70.50 (70.138) 10.65 (10.604)
1 1 . 2 1 2 76.00 (75.709) 11.62 (11.571)
1 2 . 1 1 0 81.00 (80.831) 12.40 (12.459)
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Fig. 3.11
D ependence of collection efficiency on 1 /Vto
TMTSF (1.96 x  1 0 - 4  M in  0 .10 M TBAP/1,1,2-TCE).












Ring Collection Efficiencies of TMTSF 
(1.96 x  10' 4  M in  0 .10 M TBAP/1,1,2-TCE 
to in  ra d /s ;  N% = (Ir/Id)*100
F irst Wave Second Wave
N% 1/N% 1/N% (avg.) N% 1/N% 1/N% (avg.)
1 2 . 1 1 0.0825 0.0693 ± 0.005 12.50 0.08000 0.0680 ± 0.0050
14.44 0.0692 14.43 0.06929
14.44 0.0692 14.93 0.06698
15.00 0.0667 15.13 0.06608
14.94 0.0671 15.11 0.06620
15.21 0.0657 15.29 0.06540
15.00 0.0667 15.31 0.06532






0.2 V Fig. 3 .12
RRDE voltam m etry of ET (2.4 x  10"4  M) in  0 .10  M 
TBAP/1,1,2-TCE a t  different ro tational speeds.
D isk  Potential scan  rate: 2 .0  V /m in  
D isk po ten tial scan  range: 0 .0  to  1.0 V 
Ring potential: 0.0 V
Rotational speeds: 1000,1500,2000,2500,3000 rpm .
Figures 3.13 and  3.14, for the first oxidation step  of ET, reveal the 
linear dependence of disk and  ring currents on  V(o, respectively, Indicating 
th e  absence of chemical complications. C urrent values an d  the 
corresponding Vco are  listed in  Tables 3.7a and  3.7b. Using the above 
RRDE resu lts for ET, the  ring collection efficiencies rem ain independent 
w ith 1 / V o  for the  first oxidation step, w hich again suggests an  
uncom plicated one-electron reaction. For th e  second oxidation step, 
however, the collection efficiencies vary (Fig. 3.15) w ith 1 /V c o .  This 
dem onstrates th a t the  am ounts of oxidized species (perhaps ET* and  
soluble ET4"2) being detected on  th e  ring are dependent on  th e  rotational 
speeds. Ring collection efficiencies for the  ETf /E T f 2  oxidation step  are 
provided in Table 3.8.
3.4  Electrode Reaction Kinetics of TMTSF and ET
This section provides the quantitative study  of the  electrochemical 
behavior of TMTSF, ET and  their respective monocation forms. In  addition 
to th e  qualitative resu lts  presented so far, It is  also equally im portant to 
study  the electrociystafiization m echanism  of fTM TSF^CK^ and  (ET)2 C1 0 4  
quantitatively to have a  deeper understand ing  of the  whole process. One 
question th a t can  be addressed, for example, is w hether th e  oxidations 
occur a t  the  Pt surface only, producing species th a t can m igrate to organic 
crystal growth planes, or the electron transfer reactions occur directly a t 
organic crystal site. The results in  th is case a s  well a s  those described 
above might be used  in  predicting optim um  conditions for crystal growth, 
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Fig. 3 .13
D ependence of d isk  cu rren t on th e  sq u are  root 
of ro ta tional speed  for ET (2.4 x  10“4  M) In 
0 .10 M TBAP/1,1,2-TCE).
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Fig. 3 .14
Dependence of ring cu rren t on th e  square  root 
of ro tational speed for ET (2.4 x  10"** M) In  0 .10  M 
TBAP/ 1,1,2-TCE).
Wave 1 = □ Wave 2 = 0
Table 3,7a
First wave disk and  ring curren ts of ET (2.4 x  10"4  M) 
In 0.10 M TBAP/1,1,2-TCE. CD in  ra d /s ;  id, ir in  pA. 
Calculated values are  In parenthesis.
VoD 1 /VcD id ir
4.577 0.218 17.50 (17.592) 2.32 (2.420)
6.473 0.154 23.00 (22.996) 3 . 1 2 (3.179)
7.928 0.126 27.00 (27.142) 3.78 (3.762)
9.154 0.109 30.50 (30.638) 4.30 (4.253)
10.235 0.098 33.80 (33.717) 4.78 (4.686)
12.535 0.081 40.80 (40.273) 5.70 (5.608)
14.474 0.069 46.00 (45.800) 6.45 (6.385)
16.182 0.062 50.50 (50.669) 7.05 (7.069)
17.727 0.056 54.80 (55.072) 7.55 (7.688)
Table 3.7b
Second wave disk and  ring currents of ET 
(2.4 x  10- 4  M) in  0.10 M TBAP/1,1,2-TCE. 
cd in  rad /s ; id, ir in  pA. Calculated values 
are  in  parenthesis.
Vco 1 /V c o id ir
4.577 0.218 35.50 (35.610) 0.35 (0.173)
6.473 0.154 45.00 (45.521) 0.50 (0.509)
7.928 0.126 53.20 (53.122) 0.70 (0.767)
9.154 0.109 60.00 (59.532) 0.85 (0.984)
10.235 0.098 65.80 (65.179) 1 . 0 0 (1.176)
12.535 0.080 77.00 (77.201) 1.70 (1.583)
14.474 0.069 87.00 (87.336) 2 . 0 2 (1.927)
16.183 0.062 —  (96.265) — (2.229)
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Fig. 3 .15
D ependence of collection efficiency on 1/Vco for 
ET (2.4 x  10‘ 4  M) in  0 .10 M TBAP/1,1,2-TCE. 
Wave 2 curve fitted linearly.
Wave 1 = □  Wave 2 = 0
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Table 3.8
Ring Collection Efficiencies of ET
(2.4 x  10' 4  M) in  0.10 M TBAP/1,1,2-TCE.
in ra d /s ;  N% = (ir/id)*100. Calculated 
values of 1/N% are  in  parenthesis.
F irst Wave Second Wave
1/Va N% 1/N% 1 /N%  (avg.) N% 1/N%
0.218 13.286 0.0753 0.0721 ± 0.001 0.986 1.014 (1.087)
0.154 13.587 0.0736 1 .1 1 1 0.900 (0.832)
0.126 13.981 0.0715 1.316 0.760 (0.719)
0.109 14.098 0.0709 1.417 0.706 (0.652)
0.098 14.127 0.0708 1.520 0.658 (0.606)
0.080 13.971 0.0716 2.208 0.453 (0.534)
0.069 14.022 0.0713 2.322 0.431 (0.492)
0.062 13.960 0.0716
0.056 13.777 0.0726
The diffusion coefficients of TMTSF, ET an d  th e ir  respective 
m onocation forms w ere determ ined using  the  th ree  m ethods- CV, RDE, and  
CA. The a rea  of the  P t electrode w as first evaluated using  CA w ith 
ferrocene In 0.10 M TBAP/CH3 CN (average A = 0.00848 cm?). The 
diffusion coefficient of ferrocene w as tak en  a s  2 .40  x  10‘® c m ^ /s  [3.2]. The 
conditions used  were: excitation signal. -0.10 to 0 .35 V; pu lse width, 0.5, 
1.0, 2.0, 3.0, 4 .0  an d  5.0 s. The equations given in  C hap ter II, relating 
current, area, an d  o ther m easurab le  param eters th en  w ere u sed  for each 
m ethod. The diffusion coefficients calculated a re  given in  Table 3.9. The 
diffusion coefficient values obtained for each  type of m olecule does no t vary 
significantly. More often, for hom ogeneous electron tran sfer reaction, th e  
diffusion coefficients of b o th  forms (e.g. R an d  R+) a re  tak en  to b e  equal 
because  th e  m olecular size is largely uninfluenced by th e  loss or gain  of an  
electron. However, in  som e cases w here one form h a s  a  significantly 
different solubility in a  solvent or in a  micelle, th is  physical property 
difference tran sla tes  to quite  different diffusion coefficients.
The electrode reaction kinetics for th e  first oxidation step  of TMTSF 
an d  ET in  1,1,2-TCE were determ ined u sin g  chronoam perom etry an d  RDE. 
In chronoam perom etry, the  potential-dependent ra te  con stan ts  k f  for TMTSF 
an d  ET w ere determ ined by  tak ing  th e  cu rren t in tercept, 1^ a t  tim e t  = 0  in  
th e  curren t-tim e response curve an d  using  th e  following equation.
ijj. = nFACkf (3.1)
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Table 3.9
Diffusion Coefficients of ET, ET*, TMTSF
an d  TMTSF* in  1.1,2-TCE using  RDE, CV and  CA.
Values are in  cm 2 / s .
Method ET ET* TMTSF TMTSF*
CV 4.6 x  10"6  5 .8  x  lO- 6  3.7 x  10‘6  4 .4  x  10"6
RDE 3.3 x  1CT6  3.2 x  10' 6  4.5 x  10 ' 6  5.0 x  10' 6
CA 3.8 x  10“6  6 .4  x  10' 6
6 4
The calculated kf values for TMTSF an d  ET a re  0 .028  an d  0 .033 cm /s , 
respectively. They are  applicable only for th e  excitation potential step  used  
(-0.1 to 0 .30  V).
In  RDE, k f values for TMTSF an d  ET were determ ined by  u s in g  the 
Koutecky-Levich plots. These a re  plots of 1 /1  v e rsu s  1/Voo a t  various 
potentials. The Koutecky-Levich plots of TMTSF an d  ET for different 
potentials a re  show n In Figs. 3 .16 an d  3.17, respectively. Tables 3.10,
3.11, 3.12, 3 .13a and  3.13b give th e  corresponding d a ta  for th e  Koutecky- 
Levich plots. The in tercep ts (1 /Vco = 0 } yield 1 / 1̂  values an d  potential- 
dependent values of k f  are  calculated using  equation  3.1. Plots of k f  versus 
potential a re  illustrated  in  Figs. 3 .18 an d  3,19, for TMTSF an d  ET, 
respectively. There is b e tte r agreem ent in  th e  k f values betw een the  CA an d  
RDE m ethods a t 0 .30 V ;for TMTSF th a n  for ET.
Tafel plots for TMTSF were obtained by using  P t an d  two crystal 
orientations of (TMTSF)2 C1 0 4  a s  working electrodes. These a re  Illustrated 
in  Figs. 3.20, 3.21 an d  3.22, respectively. In  all cases, a  sa tu ra ted  solution 
of (TMTSF)2 C104  in  0 .10 M TBAP/1,1,2-TCE w as used . U sing P t a s  the  
working electrode (A = 0 .00848 cm 2), a n  exchange cu rren t density  (Jq) of 
5 .7  x  10'® A /cm 2 ' cathodic transfer coefficient (ccq) of 0.29 an d  anodic 
transfer coefficient (o^) equal to 0 .44  were obtained. For th e  two crystal 
orientations of (TM TSF^CIO^ th e  J 0  (1.0 x  10'® cm 2 /s )  obtained for the 
face perpendicular to th e  c-axis (A = 0 .04  cm 2) is  lower th a n  th e  JG (4.83 x  
10'® cm 2 /s )  for the face perpendicular to th e  a-axis (A = 1.4 x  10 ' 4  cm2). 








Koutecky-Levich plots of TMTSF (3.318 x  10"^ M) 
in  0.10 M TBA P/1,1,2-TCE a t different potentials. 
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Fig. 3 .17
Koutecky-Levich plots of ET (2.396 x  10”4  M) 
in  0.10 M TBAP/1.1.2-TCE a t  different potentials. 
0 .20 V  = □  0 .30 V = 0  0 .40  V  = x
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Table 3.10
Disk cu rren t (Id, pA) a s  a  function of ro tation  
speed (to, rpm) a t  different potentials (E, V);
TMTSF (3.318 x  10"4  M) In 0 .10 M TBAP/1.1.2-TCE
0)1: E-» 0.160 0 . 2 0 0 0.250 0.300
2 0 0 1.900 4.780 7.520 7.480
400 2.820 6.760 10.380 11.600
600. 3 .460 7.980 12.520 14.220
800 3.920 9.040 14.320 16.320
1 0 0 0 4.400 9.940 15.860 18.380
1500 5.280 11.560 18.720 22.340
2 0 0 0 5.880 12.740 20.840 25.340
3000 6.860 14.460 24.040 30.100
6 8
Table 3.11
1/id (pA-1) a s  a  function of 1/Vca (rpm"1/ 2) a t  0.16, 
0.20, 0 .25 and  0.30 V; TMTSF (3.318 x  10‘ 4  M) in  
0.10 M TBAP/1,1,2-TCE; Values In paren thesis  are  
calculated (r2  = 0.999, 0.999, 0.999, 0.999, respectively).
l/Voa 0.16 0 . 2 0 0.25 0.30
0.071 0.526 (0.488) 0.209 (0.199) 0.133 (0.132) 0.134 (0 .1 2 1 )
0.050 0.355 (0.351) 0.148 (0.148) 0.096 (0.096) 0.086 (0.086)
0.041 0.289 (0.291) 0.125 (0.125) 0.080 (0.080) 0.070 (0.070)
0.035 0.255 (0.255) 0 , 1 1 1 (0 . 1 1 1 ) 0.070 (0.070) 0.061 (0.061)
0.032 0.227 (0.230) 0 . 1 0 1 (0 . 1 0 2 ) 0.063 (0.064) 0.054 (0.055)
0.026 0.189 (0.192) 0.087 (0.087) 0.053 (0.054) 0.045 (0.045)
0 . 0 2 2 0.170 (0.169) 0.078 (0.078) 0.048 (0.048) 0.039 (0.039)
0.018 0.146 (0.142) 0.069 (0.068) 0.042 (0.041) 0.033 (0.032)
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Table 3,12
D isk cu rren t (id, pA) a s  a  function of ro tation 
speed (co, rpm) a t different potentials (E, V):
ET (2.396 x  10' 4  M) in  0 .10 M TBAP/1,1,2-TCE.
<d!:E -» 0.150 0 . 2 0 0 0.250 0.300 0.350 0.400
2 0 0 3.500 5.800 11.800 16.500 17.500 17.500
400 3.500 6 . 2 0 0 13.000 2 0 . 0 0 0 22 .500 23.000
600 3.500 6.700 13.200 23.000 26 .000 27.000
800 3.500 7.100 15.000 24.500 29.000 30.500
1 0 0 0 3.750 7.700 16.750 27.200 32.500 34.100
1500 4.000 8.500 18.500 31.000 38.500 40.800
2 0 0 0 4.000 9.000, 2 0 . 0 0 0 34.000 43.000 46.000
2500 4.000 9.500 2 1 . 0 0 0 36.000 46.500 50.500
3000 4.000 1 0 . 0 0 0 22.800 38.000 49 .800 54.800
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Table 3.13a
1 / id  (pA-1) a s  a  function of 1/V© (ipm "*/2) a t .
0.15. 0.20, an d  0 .25 V; ET (2.396 x  10- 4  M) In  0.10 M 
TBAP/1.1.2-TCE; V alues In paren thesis  a re  calculated 
(r2  = 1.00, 0.986, 0 .988, respectively).
1 /Vg>I:E-» 0.15 0 . 2 0 0.25
0.071 0.286 (0.061) 0.172 (0.206) 0.085 (0.104)
0.050 0.286 (0.044) 0.161 (0.165) 0 .077  (0.081)
0.041 0.286 (0.037) 0.149 (0.147) 0 .076 (0.071)
0.035 0.286 (0.032) 0.141 (0.136) 0.067 (0.065)
0.032 0,267 (0.029) 0.130 (0.129) 0.060 (0.061)
0.026 0.250 (0.025) 0.118 (0.118) 0 .054  (0.054)
0 . 0 2 2 0.250 (0.022) 0 . 1 1 1  (0 . 1 1 1 ) 0 .050 (0.050)
0 . 0 2 0 0.250 (0.020) 0.105 (0.106) 0.048 (0.048)
0.018 0.250 (0.018) 0.100 (0.103) 0.044 (0.046)
Table 3.13b
1 / id  (pA"1) a s  a  function of 1/Vto (rpm-1/ 2) a t  
0.30, 0.35, and  0 .40 V; ET (2.396 x  10' 4  M) In 
0 .10 M TBAE71,1,2-TCE; Values in  paren thesis  are  
calculated (r2  = 0 .995, 0.997, 0.998, respectively).
l/V o iiE -*  0.300 0.350 0.400
0.071 0.061 (0.066) 0.057 (0.061) 0.057 (0.061)
0.050 0.050 (0.051) 0.044 (0.045) 0.043 (0.044)
0.041 0.043 (0.044) 0.038 (0.038) 0 .037  (0.037)
0.035 0.041 (0.040) 0 .034 (0.034) 0.033 (0.032)
0.032 0.037 (0.037) 0.031 (0.031) 0.029 (0.029)
0.026 0.032 (0.032) 0.026 (0.026) 0.025 (0.025)
0 . 0 2 2 0.029 (0.030) 0.023 (0.023) 0 . 0 2 2  (0 .0 2 2 )
0 . 0 2 0 0.028 (0.028) 0 . 0 2 2  (0 .0 2 2 ) 0 . 0 2 0  (0 .0 2 0 )
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Fig. 3 .18
Potential dependence of k f for TMTSF (3.318 x  10 ' 4  M) 
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Fig. 3 .19
Potential dependence of k f  for ET [2.396 x  10"4  M) 
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Fig. 3.20
Tafel plot of (TMTSF)2 C104  in  1,1,2-TCB 
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Fig. 3.21
Tafel p lot of (TMrSF)2 C104  in  1,1,2-TCE using  
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Fig. 3.22
Tafel p lot of (TMTSF)2 C104  in  1,1,2-TCE u sing  
(TMTSF)2 C1C>4 [X a  axis] a s  w orking electrode.
Tafel plots for ET also were obtained by using P t (Fig. 3.23) and  the 
two crystal faces of (ET^CIC^ (Figs. 3.24 and  3.25) a s  working electrodes 
and  in  sa tu ra ted  solution of (ET)2 C1 0 4  In 0.10 M TBA P/1,1,2-TCE. An 
exchange curren t density of 4.2 x  10"® A /cm 2  w as obtained w hen Pt was 
used  as  the  working electrode. The a  values for the cathodlc and  anodic 
reactions are 0.73 and  0.23, respectively. A J0  value of 3 .9  x  10"® A /cm 2  
w hen the  crystal face (A = 0 .04 cm2) of (ET)2 C1C>4 perpendicular to the  c- 
axls was used  as  the working electrode. Using th e  other crystal face, i.e., 
the face perpendicular to th e  a-axls (A = 2.6 x  10' 4  cm2), th e  J0  obtained 
was 1.2 x  10'® cm 2 / s .  The exchange curren t density Is larger a t the 
organic crystal electrode th a n  a t the Pt. Also, the J0  for th e  face 
perpendicular to the  c-axis is larger th an  the corresponding J0  for the other 
face. The a  (cathodlc and  anodic) values for bo th  crystal faces were close to 
0.50. Both m easurem ents, for TMTSF and  ET, were m ade using two crystal 
faces and  differences in  reactivity are expected due to crystal epitaxy. Table 
3.14 sum m arizes the  Tafel constants for Pt and  the  two crystal faces of 
(TMTSF)2 C104  and  (ET^CIC^.
3 .5  UV/VIS SPECTROSCOPY
This section deals w ith th e  characterization of TMTSF, ET and  their 
monocation forms in  solution using  UV/VIS spectroscopy. The idea here is 
to determ ine th e  solution spectra of the  n eu tra l forms of TMTSF and  ET, 
those of their m onocation forms, and  to compare these  spectra and  those of 
solutions of the  solid crystals. The la tter m ay be  com pared to the spectra 
of the solid crystals, If available. W ith these spectra a t  hand , they can be 
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Fig. 3.23
Tafel plot of (ETI2 CIO4  in  l , i t2-TCE using  
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Fig. 3 .24
Tafel plot of (ET)2 C104  in  1,1,2-TCE using  
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Fig. 3.25
Tafel plot of (ET)2 C1 0 4  in  1,1,2-TCE using  
(ET]2C104 I-1- a  axisJ a s  working electrode.
Table 3.14 
Tafel constan ts.
WE Jo «C «a
Pta 5.7 x  lO"5 0.29 0.44
p tb 4.2 x  1CT6 0.73 0.23
fIMTSF)oC104  
[ 1  a-axis]
4 .83 x  10 ' 5 0.48 0.56
(TMTSF)oC104  
[ 1  c-axis]
1 . 0  x  1 0 ~ 5 0.48 0.57
(ED2 C104  
[JL a-axis]
1 . 2  x  1 0 ' 5 0.58 0.47
(ET)2 C104  
[X c-axis]
3.9 x  10' 5 0.46 0.49
a  In  sa tu ra ted  solution of {TMTSF^CIO^/O.IO M 
TBAP/1,1,2-TCE 
°  in  sa tu ra ted  solution of (ETJoClCWO.lO M 
TBAP/1,1,2-TCE
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respective cation forms. A better approach would have been 
spectro electrochemistry, using  a  UV/VIS detector, in  w hich the  electrolyses 
are m onitored in situ, since faster tim e scales can be u sed  to probe for the  
presence of interm ediates. Nevertheless, th e  m ethods described in  Section 
2.2.2 in  C hapter II were sufficient to time-resolve the  electrolyses for major 
solution species. The solution spectrum  of TMTSF In 1,1,2-TCE consists of 
two peaks occurring a t  304 and  516 run (Figs. 3 .26a an d  3.26b). The first 
peak was sh arp  and  Intense while the second Is very broad and  spans from 
420 to 580 nm . The solution spectrum  of (TMTSFJ2 C1 0 4  In 1,1,2-TCE 
yielded peaks w hich occur a t  304, 400, 436, 456, 592, 700, an d  780 nm  
(Fig. 3.27). The first peak found here could, In part, be  the  sam e as  th a t 
found In TMTSF’s spectrum . The next three peaks occur a t  sim ilar energies 
to the broad peak of TMTSF. The peak a t  592 nm  Is broad w ith very low 
intensity. The last two low energies peaks a re  overlapping. A solution 
spectrum  of (TMTSF^CIC^ In CH3 CN was taken  to determ ine If there Is 
any solvent effect to the  salt’s solution spectrum . Fig. 3.28 Illustrates the  
solution spectrum  of (TMTSF^CIC^ In CH3 CN. No m ajor differences were 
observed between the solution spectra of (TMTSF^CIO^, In th e  two solvents. 
Also, a  very sim ilar solution spectrum  for TMTSFCIO4  w as obtained, w ith 
the  exception of relative peak Intensities, w ith peaks occurring a t  304, 400, 
436, 456, 592, 700, and  780 nm  (Fig. 3.29). The electronic transitions 
responsible for the 304 nm  peak  m ay be sim ilar for TMTSF an d  TMTSF* 
ion. By inspection of th e  spectra of TMTSF, TMTSFCIO4 , and  
(TMTSF)2 C1 0 4 , the  su m  of the spectra of TMTSF and  TMTSFCIO4  is roughly 
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UV spectrum of TMTSFCIO4  (6.46 x  I0 ' 4 M) In 1,1,2-TCE.
87
A solution of TMTSF (3.896 x  10"4  M) In 0.10 M TBAP/1,1,2-TCE was 
electrolyzed a t  0.20 V. The progress of electrolysis w as m onitored by noting 
th e  am ount of charge (Q) passed. Figures 3 .30a an d  3.30b give th e  spectra 
obtained a t  0, 94, 188, 282, an d  376 mQ passed. The spectrum  of the 
m onocation form of TMTSF, either produced by electrolysis, i.e., oxidizing 
the  n eu tra l TMTSF or synthesized chemically, were similar. This suggests 
th a t the m onocation form is stable an d  does no t undergo any  chemical 
complication in solution. The sam e solution of TMTSF was electrolyzed a t 
0.90 V for 2 hours In order to produce the dication species. The resulting 
UV spectrum  is sim ilar to the  spectrum  of the  m onocation (Fig. 3.31).
For the case of th e  solution spectra of ET in  1,1,2-TCE, show n in Figs. 
3.32a and  3.32b, two sharp  peaks and  a  broad, low in tensity  peak  were 
found a t 324, 350, 462 nm, respectively, while th e  solution spectrum  of its 
perchlorate salt, (ET^CIO^., in  1,1,2-TCE resolved to a t  least seven peaks a t 
320, 350, 430, 458, 488, 582, and  878 nm  (Fig, 3.33). The first two peaks 
in  th is case may be partly  due to the  sharp  peaks found in  the  ET 
spectrum . The first peak a t 324 nm  shifted to higher energy by about 4  
nm  while th e  second peak  rem ained a t th e  sam e wavelength. The solution 
spectrum  of (ET)2 C1 0 4  in  CHgCN was obtained for com parison (Fig. 3.34) 
and  no m ajor difference was observed.
For ano ther sa lt of ET, ETCIO4 , a  solution spectrum  In 1,1,2-TCE was 
obtained (Fig. 3.35). Its spectrum  was veiy sim ilar to th a t of (E I^C IO ^
The peaks are located a t 322, 350, 430, 458, 490, 584, and  876 nm .
Again, by inspection, th e  sum  of the spectra of ET an d  ETCIO4  is, roughly, 



























































UV spectra  of TMTSF (3.896 x  10"4  M) a t  different 
Q passed  (at higher sensitivity).
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Also, a  solution of ET (1.893 x  10' 4  M) In 0 .10 M TBAP/1.1.2-TCE a t
0.20 V was electrolyzed. The corresponding spectra were obtained a t 
various am ounts of charge passed  (0, 114, 228, 342, and  457 mQ) (Fig. 
3 .36a and  3.36b). As In th e  case of TMTSF, the  spectrum  of th e  ET*\ m ade 
either by electrolysis from ET or synthesized chemically w as similar. This 
indicates the relative stability of the ET4- in  1,1,2-TCE. Fig. 3.37 illustrates 






































































UV spectra  of ET (1.893 x  10'^) a t  different 
























UV spectrum  of ETf+ (1.893 x  10“4  M) in  1,1,2-TCE.
CHAPTER IV 
DISCUSSION
4.1 Electrochemistry o f TMTSF and ET
Cyclic voltam m etiy first w as used a s  a  diagnostic tool in  th is  work to 
examine the electrochemical behaviors of TMTSF and  ET in  two solvents, 
CH3 CN and  1,1,2-TCE. Although the la tte r solvent w as favored for the  
electrosyntheses of the sa lts  of TMTSF and  ET (2.9,4.11, their 
electrochem istry in  both  solvents were studied. The electrochem istry of 
TMTSF and  ET m ay be compared to th a t of tetrathiafulvalenes (TTF) [4.2], 
tetraselenafulvalenes (TSeF) [4.2] and tetrathioethylenes fTTE) [4.3]. These 
sim pler com pounds have sim ilar s truc tu res  to TMTSF an d  ET, and  
generally, the former com pounds undergo two, reversible, one-electron steps 
w hich involve th e  formation of a  stable m onocation radical a n d  a  dication, 
the stability of the latter depending on the  num ber of je electrons of the 
heterocycle system. Specifically, the redox properties of TSeF and  T IF  were 
reported to be no t complicated by any slow coupled chemical reactions, nor 
by adsorption processes [4.2]. From the  cyclic voltam m etry resu lts  of 
TMTSF In bo th  solvents [Figs. 3.1 and 3.2) and  ET in  CH3 CN [Fig. 3.3) 
reported here, these electron transfer reactions also appear to be relatively 
uncom plicated and  follow the  quasi-reversible EE m echanism . Coulometric 
data  confirm th a t the  first and  second oxidation peaks are  due to one- 
electron processes. The first oxidation step, which is represented by the  
first oxidation peak, Involves the generation of a  m onocation radical of 
TMTSF, or ET, and  the  second oxidation step  w hich is represented  by the
100
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second oxidation peak, involves further oxidation of the  m onocation to the 
dication species (Fig. 4.1). Correspondingly, th e  first and  second reduction 
peaks are due to the reduction of the  dication to the  m onocation and  the 
reduction of the monocation to the neu tral form, respectively. O ther 
workers have reported the electrochemical behaviors of TMTSF an d  ET 
using  other solvent/electrolyte system s. TMTSF shows two reversible 
oxidation waves in CH2 CI2 /O . 4  M TBAP using  scan  ra tes  of 50 and 200 
m V /s [4.2,4.3], ET is reported to give reversible oxidation waves in  
CH3 CN/O.O5  M tetraethylam m onium  perchlorate (TEAP) [4.4], In  the latter 
study, no voltammetric param eters were given. There is a  slight difference 
in voltammetric behaviors of the  two com pounds between th e  literature and  
the  resu lts reported in  the present work. To find o u t w hat caused the 
difference in  th is work and  the ones reported in  the literature, th e  sam e 
instrum ental arrangem ent w as used an d  ferrocene in  CH3 C N /0 . 10 M TBAP 
as a  reference material. Ferrocene was found to have a  reversible 
electrochemical behavior regardless w hether IR com pensation is applied or 
no t a t all scan  rates studied  (10-250 mV/s). One m ight Infer th a t the slight 
difference in  the  voltammetric behaviors of the  two com pounds studied 
m ight be due to different scan  ra te  ranges and  electrolyte/solvent system.
A sum m aiy  of th e  electron transfer reaction steps for TMTSF and  ET 
oxidation and  reduction in  CH3 CN is given below:
Anodic Peak 1
R -» R+ + e" w here R = TMTSF or ET (4.1)
Anodic Peak 2
R+ -> R+ 2  + e" (4.2)
Fig. 4.1
Two one-electron transfer reaction of TMTSF 




r +2 + e- _> r +  (4.3)
Cathodic Peak 2
R+ + e ' - j R  (4.4)
Using CH3 CN, ET behaves similarly to TMTSF and  exhibits the  alm ost 
reversible EE m echanism  for the first two-electron oxidations. However, 
using a  chlorinated non-polar solvent, 1,1,2-TCE, changes its  voltammetric 
behavior and  a  single, large reduction wave is observed on the  reverse a t  
m ost scan  rates studied (10 to 100 mV/s)(Figs. 3 .4  and 3.5). There could 
be a n  interposing process (chemical or physical) betw een the  first and  th e  
second waves. From the resu lts of the plot of th e  curren t function /scan  
rate  an d  CV scans using m uch higher scan ra tes (300-2000 mV/s)(Figs. 3.6 
and  3.7), one m ay conclude th a t the  effect Is ldnetically controlled.
Chemical decomposition of ET+ 2  to a n  undefined b u t electroactive (2e‘) 
species h as  been ruled out by coulometiic experiment, In w hich ET is 
oxidized to ET 4-2 and  reversibly reduced back to ET.
RDE and  RRDE techniques were used to obtain the finer details of the 
electrochemical behaviors of TMTSF and  ET in  1,1,2-TCE, w hich were no t 
readily obtainable using  CV. Using RDE and 1,1,2-TCE, TMTSF, a s  found 
before, undergoes two one-electron oxidation steps with no interposing 
chemical complications. ET, on th e  other hand , presents a  different 
scenario. It undergoes two, one-electron oxidation steps w ith  the  first step  
being uncom plicated and  the  second being modified by a n  interposing 
process. Using RRDE, it was inferred th a t there  w as solid filming on the
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electrode surface, a s  evidenced by the voltammetric ring scan  current 
behavior. Using the  calculated ring collection efficiency for the  RRDE used, 
only abou t 10% of ET 4-2 w as detected on the ring [Table 3 .6  and  Fig. 3.12].
The explanation for the single cathodic peak  behavior of ET is the  
formation of a  solid precipitate, which m ay inhibit the ra te  of electron 
transfer and  apparently  cause a n  increased activation barrier to reduction. 
Coffen et a l [4.3] h a s  found irreversible behavior for the reduction of 
dications of tetrathioethylenes. At scan  ra tes  below 200 m V /s, for 
tetrathioethylenes in  CHgCN, the  second oxidation steps were chemically 
irreversible for two of five com pounds. However, In th e  case of ET, th e  shift 
of the reduction peak  appears to be associated with solid film form ation and 
It can be inferred th a t the limited solubility of ET4*2  in 1 ,1,2-TCE is 
responsible for its u n u su a l electrochemical behavior. It appears th a t  the 
solid ET4-2 salt cannot undergo electron transfer to ET4* sa lt un til the  
potential region Is reached w here ET4* Is reducible to ET. In other words, it 
seems th a t the s tru c tu re  of ET4*2  salt does no t perm it reduction un til 
dissolution of a  soluble product is feasible. Why the  1:2 cation:anion sa lt 
behaves in  this m anner is not clear. It could be due to s tru c tu ra l packing 
a n d /o r  electronic b an d  s truc tu re  considerations; for example, rate 
determ ining loss of anions from solid s tru c tu re  could be im portant.
Consistent w ith the  abovementioned argum ents, th e  electrochemical 
behavior of ET in  1,1,2-TCE can be sum m arized in  the  following equations:
Anodic Peak 1
ET -» ET4* + e [reversible) (4.5)
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Anodic Peak 2
ET* -> ET *2  + e" (filming) (4.6)
Cathodic Peak 1
ET *2  + e~ ET* (4.7)
ET* + e~ -> ET (4.8)
At high scan  rates som e ET*2  wave is observed and  th is can  be assigned to 
a  solution species.
4.2 Electronic Spectra of TMTSF, ET and their Perchlorate Salts.
This section deals w ith the solution electronic spectra of the 
com pounds studied by electrochemistry. An im portan t feature of th is type 
of organic compound, its  solid s ta te  conductivity, can be  correlated to 
molecular electronic transitions and  their identification m ay aid the 
understand ing  of its electronic transport properties.
The electronic s tru c tu re  calculations of TMTSF, ET an d  their 
perchlorate sa lts  are  no t available a t the tim e th is thesis is written. 
Therefore, the  detailed assignm ents of the  peaks of all com pounds to 
various electronic transitions cannot be made. A lthough there  are no 
published data th a t are  available for the UV/VIS spectroscopy of TMTSF, ET 
and  their perchlorate salts, a  general assessm ent of th e  n a tu re  of the 
observed peaks can be m ade using electronic transition  inform ation from 
the various analogues of TMTSF and  ET [4.3,4.7,4.8,4.9].
The m ost im portant electronic transitions for these  types of organic 
com pounds involve the  d-orbitals of S  or Se an d  the ^-frameworks in  the
106
heterocycle rings. The p lanar natu re  of these com pounds allows overlap of 
th e  tc-systems w ith the heteroatom s (S or Se) th a t gives rise to lower energy 
n-*rc* (low intensities) transitions and  k->k* transitions (high intensities).
The solution UV/VIS spectra of TMTSF contains a  peak a t  304 nm  
which probably involves a  transition  and  a  low intensity  peak  a t 516 
nm  which may be due to n-Mt*. Similarly, for ET, peaks a t  324 and  350 
nm  are assigned to different rc— transitions.  In th is  region of th e  
spectrum , there m ay be more th an  two peaks associated w ith the  Tt-Mt* 
transitions, however, they are no t identified. A low Intensity peak  a t 462 
nm  is thought to be due to the n-Mt* transition.
The UV/VIS solution spectrum  of (TMTSF)2 C1 0 4  contains th ree  se ts  of 
peaks, two of which were no t found in  the sam e region in  th e  spectrum  of 
TMTSF. A peak a t 306 nm  also is p resen t b u t w ith lesser intensity and  
can be due to the  sam e type of transition  as  before. The next sets of peaks 
(398-454 and  592-778 nm) are a ttribu ted  to n->7t* an d  transitions.
For (ET)2 C1C>4 , a  similar trend  w as noted. The peaks a t  322 and  350 nm  
were also present a s  in  the  spectrum  of neu tra l ET. A nother sets of peaks 
(430-490 and 584-876 nm) were observed as  well. These peaks can  be 
attributed  to n-»7i* and  transitions.
These transitions, th a t give rise to the highly colored n a tu re  of the 
radical cations, are probably due to the sam e type of transitions th a t are 
present for the neu tra l molecules. In the  n eu tra l molecule, th e  overlapping 
of nonbonding orbitals of the  heteroatom  (Se or S) an d  ^-system  is confined 
possibly to a  ring, w hich accounts for a  low intensity peak  a t  516 nm  for 
TMTSF and 462 nm  for ET. For the radical cation, extensive overlapping of
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the nonbonding orbitals of th e  heteroatom  and  th e  re-systems exists which 
greatly intensify the  peaks. However, in  th is situation, it is  no t possible to 
differentiate a  re-»re* transition  from a  n-»re* transition. The spectra of the 
dications of both  TMTSF and  ET are  rem arkably sim ilar to those of their 
respective m onocations (Figs. 3.31 an d  3.37).
Solid sta te  UV/VIS reflectance spectra of (TMTSF)2 C1C>4 a re  available 
[4.101. This is a  p a rt of som e collaborative w ork w ith M usselm an et aL 
(1987), Spectra were taken  using  the three different polarizations (x, y, and  
z) of the crystal of (TMTSF^CIO^.. The various orientations of the crystal 
are  defined in  Fig. 4.2 [4.10]. A G aussian  resolution of the  m ajor features 
of the  x-polarized spectrum  is  illustrated  in  Fig. 4.3 [4.101. Peak A w as 
resolved in  the visible region a t 685 nm  (14,600 cm "1) an d  the  other three 
peaks C, D, and  F in  the ultraviolet a t  444 nm  (22,500 cm-1), 351 nm  
(28,500 cm "1) and  303 nm  (33,000 cm "1), respectivdy. The y-polarized 
spectrum  consists of th ree peaks B, E, and  G a t  559 n m  (17,900 cm "1),
323 nm  (31,000 c m '1), an d  278 nm  (36,000 cm "1), respectively, as  well as  
som e other peaks identified in  the previous spectrum  (Fig. 4.4). The z- 
polarized spectrum  has  little structu re . Although th e  peaks In the  solid 
sta te  and  solution spectra of (TMTSF)2 C1 0 4  do no t m atch  exactly w ith each 
other, a  com parison of the two polarized spectra to the  solution spectrum  of 
(™ tS F )2 C104  can be  m ade since th e  trend an d  clustering of the  peaks in  
both  types of spectra a re  veiy similar. Peak G (278 nm) of th e  y-polarized 
solid spectrum  of (TMTSF)2 C1 0 4  and  the peak  a t  304 nm  of th e  solution 
spectrum  of (TMTSF)2 C1C>4 m ay originate from th e  sam e transitions. Peaks 
D, E, and  F  (351, 323, and  303 nm , respectively) sh are  roughly the sam e





O rientation of TMTSF molecule in  a  c iy sta l of flM T SF^C lO ^ 
a) stereoview norm al to (0 0 1 ] face; b) definition of 
coordinates; c) view parallel to  s tack in g  direction 









Gaussian resolution of EJLa spectrum of (TMTSF) 0CIO4 
on (Oil) face (99% x) (4.10).
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Fig. 4 .4
G aussian  reso lu tion  of E l a  spectrum  of (TMTSFJoCIO^ 
on  (OOl) face (19% x, 80% y) [4.10].
I l l
region In the  solid s ta te  spectra as  the  se t of peaks a t 400, 436, and  456 
nm  in the solution spectrum . Peak C (at 444 nm) of th e  solid s ta te  spectra 
could be a  sim ilar transition as  the  peak  a t 592 nm  in  the  solution 
spectrum . Peaks A and  B (at 685 an d  559 nm, respectively) of th e  solid 
state spectrum  m ight be correlated w ith the collective peaks a t  700-780 nm  
region of the  solution spectrum . Peaks A an d  B can  be regarded to be in  
similar transition levels to those th a t occur in  TTF+-TCNQ" [4.11,4.12,4.13] 
and which have been a ttribu ted  to b o th  the  charge transfer from one 
TCNQ- to another and  to the  lowest energy ic-n* transitions In TCNQ" 
[4.12,4.13].
Fig. 4.5 illustrates the com parison of the  solid s ta te  UVYVIS refectance 
and  solution spectra of (TMTSF)2 CIO4 . The reflectance spectra were 
transform ed via Kramers-Kronig analysis. The y-axes of the reflectance and 
the solution spectra are  expressed in  M- 1cm -1.
4.3 Electrocrystalllzation Process
Electrochemical crystal growth is recommended to prepare these 
charge transfer complexes [see C hapter n]. Different reaction conditions 
have been employed by several workers b u t little variations in  term s of 
crystal quality were observed [see C hapter II]. In  th is  work, th e  perchlorate 
salts of TMTSF and ET were synthesized using th is  technique an d  1.1,2- 
TCE as  the  solvent. Although no fu rther stud ies were m ade on 
crystallization, per se, the m echanism  of the  electrosynthesis of 
(TMTSF) 2 CIO4  and  (ET^CIC^ was studied using electroanalytical and  
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35 40
Fig. 4 .5
Com parison of solid s ta te  UV/VIS reflectance and  
so lu tion  spectra  o f (TMTSF)2 C1C>4 [4.10].
  = (Oil) face. E±a [99% x)
-------------  (001) face, E-La (19% x, 80% y. 1% z)
---------- ---  (o l 1) face, Ella (99% z)
- + + - * • + =  solution spectrum
>—1 to
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The ultim ate goal is the  elucidation of th e  sequence of electron transfer 
and chemical reactions th a t occur near or a t th e  electrode surface during 
electrocrystalllzation. The following questions will help provide the 
information needed to describe the electrosynthesis process:
1. Is the electron transfer reaction reversible? Are there any  chemical
reactions coupled to the electron transfer?
2. How m any electrons are  Involved in  the  process?
3. W hat are  the  interm ediates in  the  reaction?
4. W hat are th e  products involved?
Based on the evidence gathered so far, all of th e  questions except 
num ber 3 can be answered.
W hat then  are  th e  interm ediates in  the electrosynthesis process? The 
question of w hether a  dimer, R+2 , or a n  association complex (RR+) of 
TMTSF, or ET, exists a s  Interm ediates is still unansw ered. Thus, 
electroanalytical and  spectroscopic m ethods were utilized for the  possible 
Identification of th e  interm ediates involved in  th e  electrocrystallization 
process.
Using CV, CA, RDE and  RRDE m ethods, there  is no electrochemical 
evidence for the form ation of a  soluble dim er species, R+2 , by  a  follow up  
reaction. Dimer species, if formed, should  lead to different voltammetric 
behavior. A likely interm ediate would be the  associated ion pair, R+C1C>4 ,'
R° or R°R+C104~.
Spectroscopically, there are no discernible differences in  the spectral 
features of the solution spectrum  of the  2:1 perchlorate sa lt of TMTSF (or 
ET) (Fig. 3.27 or 3.33), and  th e  sum m ed solution spectrum  of equal
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concentrations of the  neutral TMTSF (or ET) and  Its solution spectra  of the  
1:1 perchlorate sa lt (Figs. 3.26a, 3.32a, 3.27, and  3.33). In  other words, 
addition of m olar absorptivities are  normalized for th e  complete dissociation,
RR+ R + R+ (4.9a)
R+ 2  -* R + R+ {4.9b)
If slow dimerlzation or association to a n  ion pair had  occurred, there would 
probably have been a  change in  the  spectral features su ch  as  the formation 
of new peaks or a  m ajor shift in  the peaks. Association to ion pairs (R+A-, 
R+A"R°, R+A‘R+, etc.) is a  function of the  concentrations of th e  individual 
com ponents, and  solvent polarity and  can  be favored by a n  electrolyte/ 
solvent system  which has a  common ion as  in  the case of the solutions of
2:1 sa lts  in  0.10 M TBAP/1,1,2-TCE. Hence, th is  would affect greatly the
solubility of the interm ediates. An Increase in  the Individual concentrations 
or using  a  less polar solvent su ch  as  1,1,2-TCE Increases the  association 
process which will lead to different spectral features. The solution spectra 
of th e  2:1 perchlorate sa lt of TMTSF, a t different concentrations did not 
reveal any  m ajor spectral differences as  a  function of concentration in the  
range (figure no t show n b u t very sim ilar to Fig. 3.27). Com parison of the 
spectra of the  two 2:1 cation:anion sa lts  in  two solvents, 1,1,2-TCE and 
CH3 CN, w ith different polarities were made. The spectra  did no t show any 
spectral differences a s  a  function of solvent polarities. This m eans th a t th e  
association could be veiy, very weak or outside the detection limits  of the 
analytical procedure.
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W hat then could be the  interm ediate stages involved In the  
electrociystallization process? The formation of a  crystal, w ith prolonged 
electrolysis, is probably due to the  increase In th e  bu lk  concentrations of R+ 
up to a  point where the. solubility product of the  sa lt is exceeded, i.e., the 
first equilibrium in  equation (4.11) lies to th e  left. The sa lts  (e.g. 
(TMTSF)2 C1C>4 ) are  probably formed by spontaneous precipitation (crystal 
growth) from chlorinated solvents a t rough, nucleation sites on  the  
electrode.
R° —» R+ + e‘ (fast) (4.10)
R® + R+ + A —> (R°R+A ) gQju —> (R2 A ) ppt  (4.11)
The solubilities, concentrations of th e  interm ediates, and  th e  rate  of 
producing the Interm ediates can  be considered to be im portant factors in 
electrocrystallization. The crystal growth is promoted by a  com bination of 
factors. The interm ediates should have limited solubilities in  th e  solvent/ 
electrolyte system. For example, limiting solubilities of 2 .54  x  10 ' 4  M and 
3.36 x  10' 4  M for the salts, (TMTSF)2 CIO4  and  (ET)2 C1 0 4 , respectively, 
have been determ ined in  the supporting electrolyte, 0.10 M TBAP/1,1,2- 
TCE. (The solubilities were determ ined colorlmetrlcally from a  sa tu ra ted  
solution of a  sa lt in  0.10 M TBAP/1,1,2-TCE a t  25° C using  th e  appropriate 
wavelength- 304 or 320 nm  and  e= 17,534 an d  16,474, respectively).
These solubilities are lower th an  those possible in  th e  pu re  solvents, 
presum ably because of th e  "salting out" effect. To m ain tain  th a t 
concentration of the interm ediates the initial concentration of precursor
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(TMTSF or ET) recommended for electrocrystallization should range from 10' 4  
to 10‘3  M [2.9]. Aside from the  consideration of the  concentrations of the
interm ediates is the ra te  of producing th e  Interm ediates. This factor 
governs the whole process since it dictates the concentrations of the  
interm ediates. A too slow ra te  of interm ediate production will lead to 
sm aller and  poor quality ciystals and  a  too fast ra te  will lead to powderous 
product. In order to obtain good crystals one h a s  to know a n  optimum 
"window" (constant potential value and  curren t levels). This setting would 
regulate the production of the  interm ediates which in  tu rn  control the 
formation of the  radical cations.
The chlorinated solvents are probably better for electrosyntheses in  
general because the  solubilities of the organic sa lts  are reduced and, 
perhaps, water and  other im purities m ay no t be  as  prevalent (some 
reactivity with w ater could introduce im purities in  the  crystal lattices).
O ther solvents su ch  as CH3 CN may have disadvantages. Preliminary ESR 
studies of th e  solution of CTMTSF^CIC^ in CH3 CN showed th a t th e  radical 
cation is unstable in dilute solution. This m ay indicate its reactivity with 
w ater which is present in  the solvent.
In  addition to the  above investigations of th e  electrociystaUization 
process, another question can  be raised. Does th e  oxidation occur a t the  Pt 
wire surface only, producing a  species th a t can  m igrate to a  crystal growth 
plane, or is the  electron transfer reaction occurring directly a t  a  crystal 
site? Tafel experim ents using  crystals of (TMTSF)2 C1C>4 an d  (ET)2 C1C>4 as 
metallic substrates, as  well as  Pt wire were performed to elucidate further 
the m odes of the electron transfer reactions. Also, two crystal orientations
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(faces perpendicular to th e  c- and  a-axes) of the  crystals were used  in  order 
to compare their electroactivities with th e  substra tes. The similarities in  
m agnitude of the  exchange curren t densities for both  crystals to the 
corresponding values a t  P t indicate th a t electron transfer m ay indeed occur 
a t the crystal surfaces. The axis of orientation of highest conductivity for 
TMTSF based crystals is the a-axis w hich h as  a  slightly sm aller exchange 
curren t density th an  the Pt wire. Using the  c-axis crystal orientation of 
(TMTSF)2 C1 0 4 , the electron transfer kinetics were slower (lower i0) th an  
w hen the a-axis was used a s  the  substrate . One m ight anticipate th a t th is 
face would show slow kinetics since it is th e  slowest growing face.
For th e  (ET)2 C1 0 4  crystal the  reverse situation w as observed. Both 
crystal faces showed greater electroactivity th a n  th a t of Pt wire, i.e., the  
electron transfer kinetics is m uch more facile com pared to th a t of P t wire. 
These resu lts suggest th a t the  electron transfer reaction likely occurs a t  the  
crystal surfaces an d  the Pt wire surfaces a s  well. Com parison of the  
behavior of the  two crystal faces revealed th a t the face perpendicular to the  
c-axis h as  greater activity th an  the  o ther one. Electron transfer is possible 
in  the c-axis direction due to the n a tu re  of th e  orbitals exposed to the 
solution. Evidently, a  lower energy electron transfer reaction is possible on 
this crystal face. F u rth er studies of electron transfer ra tes  a s  a  function of 
organic m etal crystal anisotropy would be of interest.
Once electrocrystallization is started , th e  seed crystals become larger 
and  larger along the a-axis. However, the  P t surface area  for synthesis Is 
m uch larger th an  th a t of the crystals an d  no t all of the  P t wire surface is 
covered by crystals. Further, if the  concentration of the  reac tan t R is
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driven to zero at the electrode surface an opportunity for growth of (RR+)
does no t exist, i.e., one can  envisage th a t the  crystal grows by concerted 
alternating deposition of R+, A", and  R, or by R  reduction and  deposition 
followed by R deposition or, by the crystallization of I^ A  molecules from 
solution. The la tter is the  sim plest m echanism  b u t no t necessarily th e  only 
one taking place. However, Tafel m easurem ents do no t prove th a t the 
electrooxidation of the  n eu tra l molecules a t the  organic m etal crystal faces 
leads to crystal growth b u t only th a t electron transfer is possible a t 
comparable overvoltages. The m agnitudes of the exchange curren t densities 
a t  the  various substra te s  provide som e indication of their relative catalytic 
activities.
4.4  Future Directions
A topic w orth considering is th e  synthesis of o ther organic m etals 
based on different heterocycles constituents. Tellurium -based heterocyclic 
com pounds were used  to m ake organic metallic com pounds [1,15], One can 
survey the  periodic table''for possible replacem ent of S  or Se w ith other 
atom s. Looking for o ther anions also can  be promising, since th e  electrical 
properties have been  found to be sensitive to th e  overall crystal lattice 
param eters.
Very recently, in tense attention was focused to the  field of 
superconductivity w hen th e  first high-tem perature ceramic superconductors, 
the  so called 1-2-3 com pounds, were synthesized. In  ceramic 
superconductors of Bi-Ca-Sr-Cu-0 an d  Tl-Ca-Ba-Cu-O, as  the num ber of 
Cu layers increases u p  to three layers, the critical tem perature increases in  
a  linear fashion. Interestingly, a  sim ilar modification m ight be  attem pted to
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the  organic m etal s tructu res. Instead of using  single molecules of TMTSF 
or ET as  in  the known organic m etals, two molecules of TMTSF or ET are 
chemically joined together and  used as  precursors for synthesizing another 
type of organic m etals. The use  of the TMTSF or ET p aren t s tru c tu re  a s  a  
u n it in  a  polymer chain  also m ay result in  a  conducting or superconducting 
polymer. Such com pounds m ay not re su lt in  such  fragile and  brittle 
crystals a s  those of (TMTSF^CIC^ and  (ET^ClO/j..
Another promising idea is the utilization of th e  electrochemical 
properties of these organic m etals for electron transfer catalysis. Their 
sim pler analogue, tetrathiafulvalene, h as  been  found to be  a  useful m ediator 
in  enzyme electrodes [4.14],
REFERENCES
CHAPTER I
1.1. R &  D, Aug.. 1083, 65; Mar., 1985, 54.
1.2. C&JV JVeius, Sept. 1985, 62.
1.3. A, Nozik, B. Thacker, J .  Turner and  J .  Olson, J. Chem Soc„ 107,
7805 (1985).
1.4. C&N News, Feb., 1988, 24.
1.5. Chem Britain, 2 4  (4), 315 (1988).
1.6. Chem Britain, 2 4  (8), 781 (1988).
1.7. D. Jerom e, A. Mazaud, M. Rlbault and K. Bechgaard, J . Phys. Lett,
41, L95 (1980).
1.8. K. Bechgaard. K. Camelro, F. Rasm ussen, M. Olsen, G. Rindorf, C. 
Jacobsen, H. Pedersen and  J .  Scott, J . Am  Chem Soc., 103, 2440 
(1981).
1.9. M. Mizuno, A. Garito and  M. Cava, J . Chem Soc. Chem Convrum, 18 
(1978).
1.10. S. Parkin, E. Engler, R. Schum aker, R. Lagier, V. Lee, J .  Scott an d  R. 
Greene, Phys, Reu. Lett., 50 270 (1983).
1.11. J .  Williams, T. Emge, H. Wang, M. Beno, P. Copps, L. Hall, K, Carlson 
and  G. Crabtree, Inorg. Chem, 2559 (1984).
1.12. P. Chaikin and  R, Greene, Physics Today, May, 1986 24.
1.13. E. Engler and  V. Patel, J . A m  Chem Soc., 96 7376 (1974).
1.14. K. Bechgaard, D. Cowan, an d  A, Bloch, J , Chem Soc. Chem 
Commim., 937 (1974).
1.15. R. McCullough, G. 'Kok, K. Lerstrup an d  D. Cowan, J . A m  Chem 
Soc., 109, 4115 (1987).
1.16. E. Engler, Y. Lee, R. Schum aker, S. Parkin, R. Greene and  J .  Scott, 
Mol Cryst, Uq. Cryst., 19, 107 (1984).
1.17. J .  Ferraris, D. Cowan, V. W alutka, J r .  and  J .  Ferlstein, J . Am  Chem 
Soc., 95, 948 (1973).
120
121
1.18. L. Coleman, M. Cohen, D. Sandm an, F. YamagishI, A, Garito and  A, 
Heeger, Solid State Commun., 12, 1125 (1973).
1.19. S. Etemad, T. Penney, E. Engler, B. Scott and  P. Selden, Phys. Reu. 
Lett., 34, 741 (1975).
1.20. Y. Tomkiewicz, E. Engler and  T. Schultz, Phys. Rev. Lett, 35, 456
(1975).
1.21. E. Engler, B. Scott, S. Etemad, T. Penney and  V. Patel, J. Am  Chem 
Soc., 99, 5909 (1977).
1.22. A. Bloch, D. Cowan, K. Bechgaard, R  Pyle, H. B anks and  T. Poehler, 
Phys. Rev. Lett., 34, 1561 (1975).
1.23. J .  Cooper, M. Weger, D. Jerom e, D. Lefur, K. Bechgaard, A. Bloch and  
D. Cowan, Solid State Commun, 19, 749 (1976).
1.24. K. Bechgaard, C. Jacobsen , K. Mortensen, H. Pedersen an d  N,
Thorup, Solid State Commun., 33, 1119 (1980).
1.25. G. Salto, T. Enoki, K. Toriumi and  H. Inokuchi, Solid State Commun., 
42. 557 (1982).
1.26. H. Kobayashi, T. Mori, R  Kato, A, Kobayashi, Y. Sasaki an d  G. Salto, 
Chem Lett, 581 (1983).
1.27. H. Wang, M. Beno, U. Gelser, M. Firestone, K. Webb, L. Nuflez, G. 
Crabtree, K. Carlson, J .  Williams, L. Azevedo, J .  Kwak, an d  J .
Schirber, Inorg. Chem, 24 , 2466 (1985).
1.28. K. Bechgaard, C. Jacobsen , K. M ortensen, H. Pedersen an d  N.
Thorup, Solid State Commun., 103, 2440 (1981).
CHAPTER II
2.1. J .  O’Donnell, J .  Ayres and  C. K. Mann, AnaL Chem, 37, 1161 (1966).
2.2. T. Chiang, A. Reddoch and  D. Williams, J . Chem Phys., 54, 2051 
(1971).
2.3. C. Krohnke, V. Enkelm ann and  G. Wegner, Angew. Chem Int. Ed. 
(English}, 19. 912 (1980).
2.4. L. Alcacer and  A. Makl, J. Phys. Chem, 78, 215 (1974).
2.5. E. Engler, R  Greene, P. Haen, Y. Tomkiewicz, K. M ortensen, J . Mol 
Cryst. Uq. Cryst, 79, 371 (1982).
122
2.6. P. K athirgam anathan, S. Mucklejohn and  D. Rosseinsky, J. Chem Soc. 
Chem Comm, 86  (1979).
2.7. HAnzai, M. Tokumoto and  G. Saito, J. Mol Cryst Uq. C ryst, 125, 385
(1985).
2.8. E. M. Engler, R  Greene, P. Haen, Y. Tomkiewicz, K. M ortensen and  J .  
Berendzen, MoL Cryst Uq. Cryst, 79, 1 (1982).
2.9. S. Hiinig, G. Kiesslich, H. Q uasi and  D. Scheutzow, Uebigs Arm 
Chem. 1973, 310. ■'
2.10. A. Bard and  L. Faulkner, "Electrochemical M ethods, Fundam entals 
and  Applications," Jo h n  Wiley and  Sons, New York, 1980.
2.11. D. MacDonald, 'T ransien t Techniques in  Electrochemistry," Plenum  
Press, New York, 1977.
2.12. Z. Galuz, "Fundam entals of Electrochemical Analysis," Jo h n  Wiley and  
Sons, New York, 1976.
2.13. R  Nicholson and  I. Shain, AnaL Chem, 36, 722 (1964).
2.14. R  Nicholson and  I. Shain, AnaL Chem, 36, 706 (1964).
2.15. A. Frum kin and  L. Nekrasov, Dokl Akad. Naitk SSSR, 126, 115
(1959).
2.16. Y. Ivanov and  V. Levich, Dokl Akad. Nauk SSSR, 126, 1029 (1959).
2.17. W. Albery and  M. Hitchm an, "Ring-Disc Electrodes," Clarendon Press, 
Oxford, 1971, C hapter 3.
2.18. J .  Bockris and  A. Reddy, "Modem Electrochemistry: An Introduction 
to a n  Interdisciplinary Area," Plenum  Press, New York, 1972,
C hapter 8.
CHAPTER ffl
3.1. D. Polcyn an d  I. Shain, AnaL Chem, 38, 370 (1966).




4.1. J .  Williams, M. Beno, H. Wang, P. Leung, T. Emge, U. Geiser, and  K. 
Carlson, Acc. Chem Res. , 18, 261 (1985).
4.2. F. Kaufman, E. Engler and  D. Greene, J . Am  Chem Soc., 98, 1596
(1976).
4.3. D. Coffen, J .  Cham bers, D. WUlliams, P. G arrett, and  D. Canfield, J. 
Amer. Chem Soc., 93. 2258 (1971).
4.4. R. Moulton, A. Bard and  J .  Williams, Proc. Indian. Acad. Set, 97, 349
(1986).
4.5. H. Tatem itsu, E. Nishikawa, Y. Sakata, and  S. Misumi, J. Chem Soc. 
Chem Commun., 106 (1985).
4.6. M. Mizuno, A. Garito and  M. Cava, J. Chem Soc. Chem Commun., 18, 
(1978).
4.7. M. Detty, in  Comprehensive Heterocyclic Chemistry, 6, A. Katritzky and 
C. Rees (eds.) 947, Pergamon Press, New York (1984).
4.8. G. S chukat and  E. Fanghanel, J . Prakt. Chem, 327, 767 (1985).
4.9. R. Gleiter, M. Kobayashi, J .  Spanget-Larsen, J .  Ferraris, A. Bloch, K. 
Bechgaard and  D. Cowan, Ber. Bunsenges. Phys. Chem, 79, 1218 
(1975).
4.10. R  M usselman, B. Wolfe, N. Brener, R  Gale, R  Goodrich an d  S. 
W atkins, Solid State Commun,, 63, 595 (1987).
4.11. J .  Torrance, B. Scott, an d  F. Kaufman, SoUd State Commun,, 17, 1369 
(1975).
4.12. J .  Tanaka, M. Takana, T. Kawai, T. Takabe, and  O. Maki, Bull Chem 
Soc. Japan, 49 , 2358 (1976).
4.13. Y. Cao, K. Yakushi, an d  H. Kuroda, Solid State Commun., 35, 739 
(1980).




T h is  Is a n  Interactive program  for the PAR 273 potentiostat.
Some information m enus are  given. Reference to the  273 Operation 
M anual m ay be necessary. In  addition to th e  EAR com m ands, com m ands 
su ch  as  SAVE, PRINT are available a s  well to handle  other routines 
and  to use  IEEE-488 driver functions: m ore program  functions and  
procedures can  be added in  the  future. Procedural routines are  available 
such  as  CV an d  LSV experiments.
O ther PROCEDURES can be added by users.
SUBROUTINE LIST:
SPOLL Serial polls PAR 273
INITPAR Initializes Board, GPIBO an d  PAR 273
COMINFO Command Information
BINLOAD Binary Load; loads points to PAR 273
SEND COMMAND Sends command(s) to PAR 273 
ERROR Contains various errors for debugging 
RESPONSE Reads response®  from Par 273 and  displays them  
SAVE Saves da ta  to screen or file
BINDUMP Binary Dump; Reads data  curve from PAR 273 
PRYNT Locates an d  prin ts strings to screen
DECLARE SUB ASSRAMP 0 
DECLARE SUB BINDUMP 0 
DECLARE SUB BINLOAD 0 
DECLARE SUB CLWIN 0 
DECLARE SUB CMDTYPE 0 
DECLARE SUB COMINFO 0 
DECLARE SUB INITPAR 0
DECLARE SUB MAKEWIND (ULR%, ULC%, LRR%. LRC%, FRAME%, 
FORE°/o, BACK%, GROW%, SHADOW%, LABEL$)
DECLARE SUB NOTPACK 0 
DECLARE SUB PARADDR 0 
DECLARE SUB PRNTSTATUS 0 
DECLARE SUB PROCCV 0 
DECLARE SUB PRYNT (PR$, R%, C%)
DECLARE SUB RESPONSE 0 
DECLARE SUB SAVEDATA 0 
DECLARE SUB SENDCOMMAND 0 
DECLARE SUB SPOLL 0 
DECLARE SUB STATUS 0 
DECLARE SUB UNPACK 0 
DECLARE SUB WINDOWS (WINDNUM%)




DIM SHARED IBSTA%, IBERR%, IBCNWo, C$, CMD$, 
D$, V%. BD$, CNT%
DIM SHARED SPR%, DFIL$, PTS%, IGAIN%, PAR%
DIM SHARED MODE%, WIND1, WIND2, WIND3, WIND4
DEF FNTRIM$ CA$) 'trim s header spaces 
DO
IF LEFT$(A$, 1) = ” " THEN A$ = MID$(A$, 2)
LOOP UNTIL LEFT$(A$, 1) <> " "
FNTRIM$ = LEFT$(A$, INSTR(A$ + " ", " ") - 1) 
’trim s tailing spaces 
END DEF
WIND1 = 0 




IF WIND1 = 0  THEN CALL WINDOWS!I)
CALL COMINFO 'Print Command information 
CALL STATUS 
'Clear old CMD$ ..
1: LOCATE 2, 18: PRINT STRING$(40, " ")
CALL PRYNTf'Command: ", 2, 10)
INPUT CMD$
CALL PRYNTf'DATA: ", 3, 10)
IF CMD$ = "X" THEN EXIT DO 
CALL PRYNT(SPACE$(50). 3, 18)
CALL CMDTYPE 'Decide com m and type 





CMD$ = "SCV 0;ASM"
CALL IBWRT(PAR%, CMD$)
CMD$ = "BD 0 " + FNTRIM$(STR$(FINPT% + 1))
CALL BINDUMP






’Subroutine: BD COMMAND DEVICE DRIVER
’Reads curve from PAR after BD is sen t by WRIXESUB and
’converts the data to m illiunits. I /E  setting Is
’autom atically retrieved or if auto-ranging is on th e  data
'is unpacked for I m easurem ents only since all o ther m easurem ents
’read tru e  in  mV. SIE from PAR is used  to determ ine if sam ples contain
'I values or not.
CALL SENDCOMMAND
D$ = ,l"
FOR 1% = 1 TO LEN(CMD$)
D$ = D$ + M3D$(CMD$, 1%, 1)
IF MID${CMD$, 1%, 1) = " " THEN D$ = ""
NEXT
CNT% = VAL(D$) * 2
V% = 2061: CALL IBEOS(PAR%, V%)
CALL IBRDI(PAR%, VARPTR(C%(0)}, CNT%)
Wo = 3085: CALL IBEOS(PAR%, Wo)
PTS% = CNT% /  2
MODE% = 4 ’Swap the MSB and  LSB in  the  integer array  A%0 
CALL ENBLK(C%(0), C%(0), PTS%, MODE%, CNT%)
CNT% = 0 
END SUB
SUB BINLOAD STATIC
’Subroutine: BL COMMAND DEVICE DRIVER
T his routine is specifically for sending the  BL 'com m and to  PAR w ith the  
'curve points following. It is  accessed only through subroutine WRTTESUB
D$ = ""
FOR 1% = 1 TO LEN(C$)
D$ = D$ + MID$(C$, 1%, 1)
IF MID$(C$, 1%, 1) = ’’ " THEN D$ =
NEXT
PTS°/o = VAL(C$) * 2 
1% = PTS% \  2
MODE% = 4  'Swap the MSB an d  LSB in  th e  integer array  A%0 
CALL ENBLK(C%(0), C%(0), 1%, MODE%, PTS%)
5060 : CALL SPOLL
IF (SPR% MOD 2) = 0 THEN 5060 
C$ = C$ + CHR$(13)
CALL SENDCOMMAND
CALL IBWRTI(PAR%. VARPTR(C%(0))t FTS%)
IF IBSTA% < 0 THEN PRINT "GPIB ERROR”
1% = 0 
END SUB
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SUB CLWIN STATIC 
FOR I = 2 TO 15 
LOCATE I, 4: PRINT STRING$(60, 0)
NEXT 
END SUB
SUB CMDTYPE STATIC 
’Subroutine: DECISIONS 
T his routine routes program  flow to 
’(a) PAR 273 com m ands,
'(b) available program  com m ands, or 
■(c) specific defined
'PROCEDURES are  denoted by preceding th e  Procedure nam e by
and  a re  added to the program  as  follows:
’ 1. Include a n  FI CMD$=‘*procname’ THEN CT%=n 
’ sta tem ent as  done below.
’ 2. W rite the  PROCEDURE as  a  subroutine a t the end of th is  program. 
' 3. Place the line num ber of the  beginning of th e  subrou tine in  the 
’ GOSUB list in  line 380 su ch  th a t it corresponds to CT%=n 
’ 4. Include the  procedure nam e in  the m enu list of the command 
inform ation subroutine
C$ = LEFT$(CMD$, 3)


















CMD$ = "BD 0 " + FNTRIM$(STR$ (FINPT% + 1))
CALL BINDUMP
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SUB COMINFO STATIC 
’Subroutine: COMINFO
'Prints some inform ation abou t com m ands w hich can  be  used  in  the 
'program  PAR273.
CALL PRYNTf", 5, 10) : CALL PFYNT("(A) PAR 273 
com m ands, using  space as  delimiter between", 6, 10)
CALL PRYNTf values (see PAR 273 operation manual)", 7, 10)
CALL PRYNTf SAVE writes data  and  m essages to disk.
Prompts", 7, 10)
CALL PRYNTf' provided", 8, 10)
CALL PRYNTf eXit to exit from the
program", 9, 10)
CALL PRYNTf (B) PROCEDURES", 10, 10)
CALL PRYNTf *CV :cyclic voltammetry or
Mott-Schottky", 11, 10)
CALL PRYNTf *SQWV:square wave voltamethy",
12, 10)




T his subroutine Initializes the GPIBO and  autom atically
’finds the address for PAR 273. The IEEE 488 card is assigned "GPIBO"
’PAR 273 is nam ed "PSTAT". See the  m anual of National Instrum ent.
BD$ = "GPIBO" : CALL IBFIND(BD$, BD%)
IF BD°/o < 0 THEN CALL PRYNTC'GPIB CARD NOT 
INSTALLED", 1, 1)
CALL IBSIC(BD%)
IF IBSTA% < 0 THEN CALL PRYNTC'GPIB ERROR". 2, 1)
Wo = 1: CALL IBDMA(GPIBO%, Wo) : BD$ = "PSTAT'
CALL D3FIND(BD$, PAR%)
IF PAR% < 0 THEN CALL PRYNT("PAR 273 NOT 
CONNECTED V 3, 1)
CALL PARADDR: Wo = 3085: CALL IBEOS(PAR%, Wo)
C$ = "DD 13": CALL SENDCOMMAND 
END SUB
SUB MAKEWIND (ULR%, ULC%, LRR%, LRC%, FRAME%, FORE%, 
BACK%,GROW%, SHADOW°/o, LABEL$) STATIC 
DEFINT A-Z
IF GROW = 0 THEN GOSUB STD: GOTO DONE 
'Growing Window Module 
SHADOW = 0
XI = ULC + INT((LRC - ULC) /  2)
X2 = LRC - INT((LRC - ULC) /  2)
Y1 = ULR + INT((LRR - ULR) /  2)
Y2 = LRR - INT({LRR - ULR) /  2)
NXT:
IF X I > ULC THEN X I = XI - 3 
IF X I < ULC THEN X I = ULC 
IF X2 < LRC THEN X2 = X2 + 3 
IF X2 > LRC THEN X2 = LRC 
IF Y1 > ULR THEN Y1 = Y1 - 1 
IF Y2 < LRR THEN Y2 = Y2 + 1 
GOSUB SETUP
IF (XI = ULC) AND (X2 = LRC) AND (Y1 = ULR) AND 
Y2 = (LRR) THEN GOTO DONE ELSE GOTO NXT 
DONE:
GROW = 0 
EXIT SUB
’Regular Window Module 
STD:
XI = ULC: X2 = LRC: Y1 = ULR: Y2 = LRR 
SETUP:
ATTR = (BACK AND 7) * 16 + FORE
IF FRAME = 0 THEN GOSUB NOFRAME ELSE ON FRAME 
GOSUB H1V1.H2V2, H1V2, H2V1 
IF LABEL$ = "" OR LEN(LABEL$) > (LEN(TOP$) - 5) THEN
GOTO SHADE 
MID$(TOP$, 2) = "I" + LABEL$ + "]"
SHADE:
’Shadow Module
IF SHADOW = 0 THEN GOTO MAKE
COL = X I - 3: DAT$ = STRING$({X2 - XI) + 3. 32):
BLACK = 0 
FOR I = Y1 TO (Y2 + 2)




'Produce Window Module 
ROW = Y1 - 1: COL = XI - 1 
CALL FASTPRT(TOP$, ROW. COL, ATTR)
FOR I = Y1 TO Y2 
ROW = I: COL = XI - 1 
CALL FASTPRT(MIDL$. ROW. COL, ATTR)
NEXT I
ROW = Y2 + 1: COL = XI - 1
CALL FASTPRT{BOTTM$. ROW, COL, ATTR)
RETURN
H1V1:
'Single Line Fram e
TOP$ = CHR$(218) + STRING$((X2 - XI) + 1. 196) +
CHR$(191)
MIDL$ = CHR$(179) + STRING$((X2 - XI) + 1, 32) +
CHR$(179)




’Double Line Fram e
TOP$ = CHR$(201) + STRING$((X2 - XI) + 1, 205)+
CHR$(187)
MIDL$ = CHR$(186) + STRING$((X2 - XI) + 1. 32) +
CHR$(186)




’Double Vertical, Single Horizontal Line Frame 
TOP$ = CHR$(214) + STRING$((X2 - XI) + 1, 196) + CHR$(183) 
MIDL$ = CHR$(186) + STRING$((X2 - XI) + 1, 32) + CHR$(186) 




’Double Horizontal, Single Vertical Line Fram e 
TOP$ = CHR$(213) + STRING$((X2 - XI) + 1, 205) + 
CHR$(184)
MIDL$ = CHR$(179) + STRING$[(X2 - XI) + 1, 32) + 
CHR$(179)










SUB NOTPACK STATIC 




IF (VAL(C$) AND 1) = 0 THEN 




ESCALE = (10 A E)■•/ IGAEWo 
FOR 1% = 0 TO PTS%
Y(I%) = ESCALE * C%(I%)
NEXT
ELSE





SUB PARADDR STATIC 
’AUTOMATIC FIND OF PAR% ADDRESS 
C$ = "ID"
CALL IBWRT(PAR%, C$)




IF A% = 273 THEN 7292 
7282 : FOR Wo = 0 TO 30 
CALL IBPAD (PAR%, Wo)
CALL IBWRT(PAR%, C$)




IF A% = 273 THEN 7292
7291 : NEXT V%
7292 : D$ = SPACE$(50)
IF V% > 30 THEN CALL PRYNTfCHECK CONNECTIONS", 5,1)
END SUB
SUB PRNTSTATUS STATIC 
R% = 19 
C% = 13
CALL WINDOWS(2)
CALL PKYNTC’STATUS BITS", R%, C%)
CALL PRYNTfCOMMAND DONE", R% + 1, C%)
CALL PRYNT("COMMAND ERROR", R% + 2, C%)
CALL PRYNT("CURVE DONE", R°/o + 3, C%)
CALL PRYNTfUNUSED", R%. C% + 25)
CALL PRYNTfOVERLOAD", R% + 1, C% + 25)
CALL PRYNTfSWEEP DONE", R% + 2, C% + 25)
CALL PRYNTf'SERVICE REQUESTED". R% + 3, C% + 25)




100 : CALL PRYNTflNITTAL POT. (MV):", 3, 5): INPUT 
INTTPOT
CALL PRYNTfVERTEX POT.(MV):". 4, 5): INPUT 
VERPOT
IF ABS(VERPOT - INITPOT) > 2000 THEN 100 
CALL PRYNTfFINAL POT.(MV):", 5. 5): INPUT FINPOT 
IF ABS(FINPOT - INITPOT) > 2000 THEN 100 
CALL PRYNTfSCAN RATE (MV/SEC):", 6, 5): INPUT 
SCANRATE 'J*
CALL PRYNTf NUMBER OF SWEEPS:", 7, 5): INPUT 
SWPS%
CALL PRYNTf AUTORANGE CURRENT? Y/N", 8, 5): INPUT CSTR$ 
IF CSTR$ = "N" THEN 
CALL PRYNT(SPACE$(25), 8, 5)
CALL PRYNTfl/E RANGE:", 8, 5): INPUT IE%
ELSE 
AR% = 1 
END IF
CALL PRYNTfTOTAL POINTS", 9, 5): INPUT PTS%
CALL PRYNTfSAMPLE/POINT', 10, 5): INPUT SP%
INITMOD% = INITPOT * 4  : VERMOD% = VERPOT * 4 
FINMOD% = FINPOT * 4  : VERMV% = ABS(VERPOT - INITPOT)
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TOTMWo = VERMV% + ABS(FINPOT - VERPOT)
RES = TOTMWo /  PTS% : VERPT% = INT(VERMWo /  RES + .5) - 1 
'0.5 for ronndlng off 
FINPT% = INT((TOTMV% /  RES) - 1 + .5)
' 0.5 for rounding off 
TMB% = INTfRES /  (SCANRATE * SP% * 10 A -6) + .5)
CMD$ = "TMB " + FNTRIM$(STR$ (TMB%))
CALL SENDCOMMAND
CMD$ = "MM 1;MR 2" : CALL SENDCOMMAND 
CMD$ = "MOD " + FNTRIM$(STR$ (INITPOT))
CALL SENDCOMMAND
CMD$ = "LP " + FNTRIM$(STR$(FINPT%)) :
CALL SENDCOMMAND
CMD$ = "BIAS " + FNTRIM$(STR$(INT(INITPOT)))
CALL SENDCOMMAND 
CMD$ = "INITIAL 0 0"
CALL SENDCOMMAND
CMD$ = 'VERTEX " + FNTRIM$(STR$(VERPT%)) + " " + 
FNTRIM$(STR$(VERMOD%))
CALL SENDCOMMAND
CMD$ = 'VERTEX " + FNTRIM$(STR$(FINPT%)) + " " +
FNTRIM$ (STR$ (FINMOD%))
CALL SENDCOMMAND 
IF AR% = 0 THEN
CMD$ = "AR 0 ;I/E  " + FNTRIM$(STR$(INT(IE%)))
CALL SENDCOMMAND 
ELSE
CMD$ = "AR 1"
CALL SENDCOMMAND 
END IF
CMD$ = "S/P " + FNTRIM$(STR$(SP%))
CALL SENDCOMMAND





SUB PRYNT (PR$, R%. C%) STATIC
'This routine combines th e  Locate and  Prin t statem ents 
’PR$ Is th e  string to be  printed 
’R% Is th e  row num ber 1 to 25 
'C% is the  colum n num ber 1 to 80 
’X% is 1 to tu rn  curson  on, 0 to tu rn  It off 
LOCATE . . 0 
LOCATE R%, C%
PRINT PR$;
LOCATE R%, C% + LEN(PR$)
IF C% + LEN(PR$) > 80 THEN BEEP 
END SUB
SUB RESPONSE STATIC
‘Subroutine: READ RESPONSE from PAR
■Reads PAR 273 responses in  dialog.
T h is routine does no t read d a ta  points from 
'PAR memory except for those accessed by 
'DC (dump curve) and  DP(dump point).
T h e  transfer of curves by BD (binary dump)
’is accom plished in  a  separate  subroutine.
’D ata is sen t a s  ASCII code w hich is converted 
’to string values and displayed.
1% = 0 
C% = 0 
4620 : CALL SPOLL
IF ((SPR% \  128) MOD 2) = 0 THEN 4660 




CALL PRYNT(D$(I%), 3, 18 + C%)
C% = C% + LEN(D$(I°/o))
IF IBSTA% < 0 THEN PRINT "GPIB ERROR" 
4660 : IF (SPR% MOD 2) = 0 THEN 4620
END SUB
SUB SAVEDATA STATIC 
'Subroutine: SAVE
T his routine will write either to the  m onitor 
’or to d isk and  will save 
’(a) th e  la test BD curve,
’(b) the latest DATA$ variable, or 
’(c) a  m essage from th e  keyboard.
CALL WINDOWS(4)
CALL PRYNT(" SCRN write to screen", 4. 5) 
CALL PRYNT(" X re tu rn  to main", 5, 5) 




LOCATE 3, 5: PRINT STRING$(40, 0) 
LOCATE 4, 5: PRINT STRING$(40. 0) 
LOCATE 5, 5: PRINT STRING$(40, 0) 
LOCATE 3, 5: PRINT "Saving" + STR$(PTS°/o) 
"points"
J%  = 0: PRINT "Points 1 through 50: "
FOR F/o = 1 TO PTS%
PRINT A%(I%)
J%  = J%  + 1
LOCATE 3, 5: PRINT STRING$[40, 0)
CALL PRYNTf'Strlke any key to continue ", 3. 5) 
LOCATE 3, 5: PRINT STRING$(40, 0)
LOCATE 3, 5: PRINT "Points J%  + 1; " through 
J%  + 50 * SV%; " :"





LOCATE 3, 5: PRINT STRING$(40, 0)
LOCATE 4, 5: PRINT STRING$(40, 0)
LOCATE 5, 5: PRINT STRING$(40, 0)
LOCATE 3, 5: PRINT "Saving" + STR$(PTS%) + " 
points"
OPEN F$ FOR OUTPUT AS #1 
FOR 1% = 0  TO PTS%
PRINT #1. X%(I%), Y(I%)
NEXT
LOCATE 3, 5: PRINT STRING$(40, 0)
CALL PRYNTC'Enter message". 3. 5)
INPUT DOC$(3)







SUB SENDCOMMAND STATIC 
•WRITESUB
’Write routine for dialog w ith PAR. Uses A%(n)
'as m essage array. WRITESUB is not used  for curve 
’transfers to PAR Subroutine BINDUMP reads contents 
’of BD response. BINLOAD is used  for B inaiy Load 
'both  to send  the  BL com m and and to send  the  curve.
10 : CALL SPOLL
IF {SPR% MOD 2) = 0 THEN 10 
CALL IBWRT(PAR%, CMD$)
CALL SPOLL




'Conducts poll of EAR 273 and  w aits If PAR Is no t ready 
'to form a  task. The contents of the  S ta tus Byte are displayed
CALL STATUS 
CALL IBRSP(PAR%, SPR%) 
CALL STATUS 
END SUB











IF (SPR% \  2) = 1 
R% = 19 
CM = 13
SPR% MOD 2 
(SPR% AND 2) /  2 
(SPR% AND 4) /  4 
(SPR% AND 8) /  8 
(SPR% AND 16) /  16 
(SPR% AND 32) /  32 
(SPR% AND 64) /  64 




CALL PRYNT(STR$(ST% (0)) 






CALL PKYNT(STR$ (ST% (7)) 
END SUB
PRNTSTATUS
+ " ", R%, C% + 15)
+ " R% + 1, C% + 15)
+ 1 R% + 2, C% + 15)
+ " \  R% + 3, C% + 15)
+ " R%, C% + 45)
+ " ', R% + 1, C% + 45)
+ " R% + 2, C% + 45)
+ " ', R% + 3. C% + 45)
+ ” R% + 4, C% + 45)
SUB UNPACK STATIC 
C$ = SPACE$[10)
CALL IBWRT(PAR%, "IGAIN") 
CALL IBRD(PAR%, C$)
IGAIN% = VAL(C$)






IF (VAL(C$) AND 1) = 0 THEN 
CALL NOTPACK 
ELSE 
EOLD% = 0 
FOR 1% = 1 TO PTS%
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IF EOLD% = (C%(I%) AND -4096) THEN 3180 
EOLD% = C%a%) AND -4096 
ESCALE% = C%(I°/o) /  4096 - 1 
ES = (10 A ESCALE%) /  IGAIN%
3180 : C%(I%) = (C%a%) AND 4095): IF C°/o(I%) >= 2048 THEN C%(I%)
C°/o(I°/o) - 4096 




SUB WINDOWS (WINDNUM%) STATIC
SELECT CASE WINDNUM%
CASE 1
ULR% = 2 ’2 TO 23
ULC% = 5 ’2 TO 79
LRR% = 14 'ulr% < lrr% <23
LRC% = 75 'ulc% < lrc% < 79
FRAME% = 2 ’1= single line
’2= double line 
’3= lh /2 v  
’4= lv /2 h
FORE% = 0 ’for monochrome =0
BACK% = 1 'for monochrome =1
GROW% = 1  ’1= yes 0 =no
SHADOW% = 0 ’0  for monochrome
IABEL$ = "MAIN."
CALL MAKEWIND (ULR%, ULC%, LRR%( LRC%. FRAME%, 
FORE%,BACK%, GROW%, SHADOW%, LABEL$) 
WIND1 = 1
CASE 2 
ULR% = 1 8  ’2 TO 23
ULC% = 5 *2 TO 79
LRR% = 23 ’uli«/o < lrr% <23
LRC% = 75 ’ulc% < lrc% < 79
FRAME% = 2 T=single line 
’2=double line 
’3= lh /2 v  
’4= lv /2 h  
FORE% = 0 'for monochrome =0
BACK% = 1 'for monochrome =1
GROW% = 1  '1= yes 0  =no
SHADOW% = 0 ’ 0  for m onochrome
LABEL$ = "STATUS"
138
CALL MAKE WIND (ULR%, ULC%, LRR%, LRC%, FRAME%, 
FORE%,BACK%, GROW%, SHADOWS, LABEL$) 
WIND2 = 1
ULR% = 2 ’2 TO 23
ULC% = 5 '2 TO 79
LRR% = 13 ’ulr% < lrr°/o <23
LRC% = 35 ’ulc% < lrc% < 79
FRAME% = 2 ’l=slngle line 
’2=double Ene 
*3= lh /2 v  
'4= lv /2 h  = 2 
FORE% = 0 ’for m onochrome = 0
BACK% = 1 'for monochrome = 1
GROW% = 1  '1= yes 0 =no
SHADO\V% = 0 *0 for monochrome 
LABEL$ = "CYCLIC VOLTAMMETRY"
CALL MAKEWIND(ULR%, ULC%, LRR%, LRC%, FRAME%, 
FORE%.BACK°/o. GROW%, SHADOWS, LABEL$) 
WIND1 = 0
CASE 4 
ULR% = 2 '2 TO 23
ULC% = 5 '2 TO 79
LRR°/o = 12 ’ulr%  < lrr% <23
LRC% = 45 ’ulc% < lrc% < 79
FRAME% = 2 'l=single line 
’2=double Sne 
'3= lh /2 v  
’4= lv /2 h
FORE% = 0 'for m onochrome =0 
BACK% = 1 'for m onochrome =1 
GROW% = 1  '1= yes 0 =no
SHADOW% = 0 *0 for monochrome 
LABEL$ = "SAVE"
CALL MAKEWIND (ULR%, ULC%, LRR%, LRC%, FRAME%, 





PAR 273 com m ands used  In CYCLIC VOLTAMMETKY located a t  cells A1 to 
A l l .
A
1 MRES 500:INTRP 1




6 I /E  0
7 FLT 2;SWPS 1
8 IGAIN 1
9 PAM I
10 BD 0 1000
11 BIAS 0
LOTUS 123/MEASURE D ata Acquisition Macros for CYCLIC 
VOLTAMMETRY a t cells XI to X29.
X









10 \R  {OUTPUT PSTAT/'CELL 1;NC;TC"}~
11
12 \C  {OUTPUT PSTAT.A10}{WAIT @NOW+@TIME(0.0,1)}~
13 {BREAD PSTAT,2S,N5,,N2052,1000}~{CALC}~
14
15 \H  {OUTPUT PSTAT,"HC"}~
16
17 \V  {OUTPUT PSTAT,"CV"}
18 {NREAD PSTAT.B20. .H 20,10}
19 {OUTPUT PSTAT,"LP”}








26 \B  {OUTPUT PSTAT.A11)
27
28 \P  {OUTPUT PSTAT,"S/P"}
29 {NREAD PSTAT.B16]-
PAR 273 com m ands used  In CHRONOAMPEROMETKY located a t  cells A1 
to A15.
A
1 AR 0;BIAS 0
2 FLT 0;SWPS 1
3 AUXGAIN 5
4 SIE 4
5 INTRP 1;MM 1;MR 2;PAM 1;SAM 1
6 I /E  -3 ;S /P  2
7 TMB 15000
8 INITIAL 0 -200
9 VERTEX 99 -200
10 VERTEX 100 800
11 VERTEX 199 800
12 VERTEX 200 -200
13 VERTEX 1023 -200
14 LP 1023
15 BD 0 300
LOTUS 123/MEASURE Macro com m ands used  In 
CHRONOAMPEROMETRY locate a t cells X I to X33.
X















16 \ S  {OUTPUT PSTAT/'CELL 1;NC;TC'V
17
18 \Z  {OUTPUT PSTATA15]{WAIT @NOW+@TIME(0,0,1)}~
19 {BREAD PSTAT,2S.L4. .L2051,300)~
20 {CALC}
21
22 \H  {OUTPUT PSTAT,"HC"}
23
24 \L  {OUTPUT PSTAT,"LP"}
25 {NREAD PSTAT,B 18,2}-
26




31 \T  {SPOLL PSTAT,B19}~
32
33 \B  {OUTPUT PSTAT.D17}-
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